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Abstract 
Food security is of increasing concern due to rising population along with decreasing arable land and 
water supplies, alongside the effects of climate change. It is predicted that by 2050, a 50% increase in 
food production will be required to prevent severe food shortages. One strategy for increasing food 
production is the improvement of photosynthesis, in particular the enzyme ribulose- 1,5-biphosphate 
carboxylase/oxygenase (Rubisco), the focus of this project. Rubisco catalyses the first step of the 
Calvin-Benson-Bassham cycle, fixing atmospheric CO2, ultimately producing sugars and starches. 
Both slow and non-specific, Rubisco catalysis is notoriously inefficient in higher plants. Plant 
Rubisco has two subunits, the large subunit expressed from the chloroplast genome and the small 
subunit expressed from multiple genes in the nuclear genome then transported to the chloroplast for 
holoenzyme assembly. Early research in tobacco regarding the replacement of the gene for the large 
subunit, rbcL, with other Rubisco variants led to the generation of chimeric rbcL or Rubisco hybrids. 
This issue was overcome via the development of a tobacco-rubrum master-line, which has the native 
rbcL replaced with a bacterially derived form 2 rbcL, derived from Rhodospirillum rubrum. The 
tobacco-rubrum master-line has stimulated research in the area, and has been utilised for further rbcL 
replacement experiments with a number of Rubisco variants. However, all of the previous research 
has been in tobacco. With the imperative being increasing crop yield in order to address food security, 
the primary aim of this thesis was the extension of rbcL replacement to food crop species. 
This thesis describes the first report of successful replacement of the gene for the large subunit, rbcL, 
with a gene for a bacterial L2 Rubisco, in Solanum tuberosum (potato). Like tobacco, potato belongs 
to the Solanaceae family and has established plastid transformation protocols. The transformation 
efficiency was similar to that previously reported. Homoplasmy was achieved using extended callus 
culture eliminating the need for further rounds of regeneration. Transplastomic potato-rubrum plant 
photosynthesis was supported by form 2 Rubisco only, however, due to the poor catalytic capability 
of R. rubrum Rubisco, the  soil grown transplastomic plants were autotrophic only under elevated 
[CO2]. Further experiments for removal of the selectable marker gene via transient expression of Cre-
recombinase are currently underway. 
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The next stage was to extend rbcL replacement to a food crop species other than Solanaceae, namely 
Brassica napus (canola), belonging to the Brassicaceae family, selected as there had been some 
reported success of biolistics for plastid transformation of B. napus, achieving heteroplasmic plants. 
Here, two different transformation protocols, biolistics and PEG-mediated uptake to protoplasts were 
utilised with biolistics generating green spectinomycin resistant callus that became overgrown with 
bleached non transformed tissue when transferred to shoot induction medium. Recent research has 
revealed that Brassicaceae response to the aadA selection system is different to that observed for 
Solanaceae, due to the presence acc2, expressed from the nuclear genome and coding for ACCase, 
allowing for cell division in the presence of spectinomycin. The development of acc2 knockdown 
lines alongside root callus tissue culture and regeneration system increased transformation efficiency 
in Arabidopsis thaliana. The development of a similar system for B. napus would allow for the 
generation of a canola-rubrum master-line that could then be utilised for further Rubisco replacement 
experiments. 
To understand the assembly of higher plant Rubisco, this project explored Rubisco chaperone proteins 
in particular, Bundle Sheath Defective II (BSDII). Here, BSDII overexpression from the nuclear 
genome in both potato and canola was attempted. The results indicated that BSDII was most likely 
silenced in potato. Of more interest to the overall project would be co-expression of foreign chaperone 
proteins alongside complementary Rubisco genes 
The overall project aim of extension of photosynthesis improvement to one or more food crop species 
was achieved with replacement of rbcL in S. tuberosum, thus demonstrating the feasibility of 
extending this important research to other food crop species. Following the removal of the selectable 
marker gene, the potato-rubrum transplastomic plants generated will provide an important research 
tool to the wider plant biotechnology community for further Rubisco gene replacement experiments. 
The improvement of Rubisco in higher plant species will most likely require a combination of 
approaches, the majority of which require the introduction of Rubisco variants thus there is an 
increasingly urgent need for extension of plastid transformation protocols to important food crop 
species.   
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Chapter 1 Improvement of 
photosynthesis in higher plants 
1.1 Introduction 
1.1.1 Food security 
Food security, the reliable supply of affordable and nutritious food, is of growing global concern due 
to a number of factors; reduction in arable land, availability of water and climate change. These all 
impact adversely on the ability to grow sufficient crops to feed our growing global population 
(Edgerton, 2009, Long et al., 2015, Ziska et al., 2012). Projections based on current global population 
growth of 74 million per year predict that by 2050, the human population will reach over 9.5 billion 
and in conjunction with decreases in the predicted food growing capacity, we will not be able to meet 
the demand for production of food crops (United Nations, 2015, Ziska et al., 2012). In the 1960’s 
there was an increased global demand for food arising due to increased population, improved 
healthcare and increased income (Hedden, 2003). A substantial increase in crop productivity was 
achieved via the utilisation of elite cultivars with traits such as dwarfism, in conjunction with 
improved irrigation and increased use of pesticides, herbicides and fertilisers and was aptly dubbed 
the ‘Green Revolution’ (Fischer and Edmeades, 2010, Hedden, 2003).  
1.1.2 Green revolution limitations 
The Green Revolution was indeed a great achievement that endeavoured to improve human living 
standards and ensure food growing capability was maximised. The traditional plant breeding that 
underpinned the Green Revolution achieved increases in yield mainly by breeding for greater storage 
of photosynthates in cereal grains such as wheat (Fischer and Edmeades, 2010, Hedden, 2003, Long et 
al., 2015). Although extremely successful, it has been suggested that the use of elite cultivars and 
traditional breeding practises may have reached the limits of improvement and this long term trend of 
increased yield from traditional plant breeding is unlikely to result in any further large increases in 
 
 
20 
 
crop yield (Figure 1.1) (Evans, 2013, Fischer and Edmeades, 2010, Long et al., 2015, Parry et al., 
2013b, Whitney et al., 2011a, Ziska et al., 2012). 
Figure 1.1 Global cereal yield, production and land use annual growth rates (percent), historical data 1985-2007 
(Alexandratos and Bruinsma, 2012). Over the 21 year period, the growth rate in yield and production has 
steadily decreased.  
 
1.1.3 Addressing potential food supply shortfall via photosynthesis 
improvement 
The extension of proof of concept experiments to important food and feed crop species and ultimately 
through to field trials, is crucial for future food security (Kromdijk and Long, 2016). The 
improvement of photosynthesis may offer large increases in crop yield and production. In particular, 
the enzyme ribulose 1,5-biphosphate carboxylase/oxygenase (Rubisco) has been identified as a rate 
limiting step in the photosynthetic reactions (Parry et al., 2013b, Parry et al., 2007). Thus far the 
majority of studies into the improvement of photosynthesis through changes in Rubisco have focused 
on “proof of concept” experiments, mainly utilising Nicotiana tabacum (tobacco) as a model (Lin et 
al., 2014, Whitney et al., 2009, Whitney and Sharwood, 2008, Zhang et al., 2011). Described here is 
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work towards extending research regarding Rubisco replacement in crops. This chapter focussed on 
the importance of Rubisco in the photosynthetic reactions, and genetic approaches for the 
improvement of photosynthesis. 
1.2 Rubisco  
1.2.1 Rubisco structure 
There are three main forms of Rubisco, all of which have multiple subunits (Table 1.1). There are two 
subunits, the large subunit (LSU), approximately 50-55 kDa, and the small subunit (SSU), 
approximately 12-18 kDa. The tertiary structure of LSU consists of an α/β barrel at the carboxy (C)-
terminal domain and a smaller amino (N)-terminal domain. The LSU monomers arrange as head to 
tail dimers with two active sites at the interface between the C-terminal domain of one and the N-
terminal domain of the other (Table 1.1) (Alonso et al., 2009, Andersson and Backlund, 2008, 
Whitney et al., 2011b). Despite differences in amino acid sequences, LSU structure is highly 
conserved across all Rubisco forms, with differences confined to a few loops within the tertiary 
structure (Andersson and Backlund, 2008). As is commonly found with multistep catalytic chemistry, 
the identity and position of amino acids in the catalytic pocket is highly conserved among all Rubisco 
isoforms (Kannappan and Gready, 2008, Whitney et al., 2011b). 
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Table 1.1 Rubisco forms and their representative structures. All forms contain catalytic large subunit dimers. 
Form 1 comprises four separate LSU dimers capped at both ends with small subunits [(L2)4S8]. Form II and 
form III structure comprise a large subunit dimer (L2) or complexes of multiple dimers depending on the 
organism. The ((L2)5) form III Rubisco thermophillic archaea species, Thermococcus kodakarensis shown is an 
arrangement of five dimers (Tabita et al., 2008b). 
Form Structure   Types of organisms 
I (green type) [(L2)4S8]  
 
 
All higher plants, all cyanobacteria, some 
chemoautotrophic bacteria and green algae 
I (red type) [(L2)4S8]   Some chemoautotrophic bacteria and non-
green algae (apart from dinoflagellates) 
 
II L2, L4, L6, L8 
 
Purple non sulphur bacteria, some 
chemoautotrophic bacteria and dinoflagellates 
III L2, L8, L10 
 
 
Archaea 
 
1.2.2 Rubisco evolution 
Rubisco is an ancient enzyme that has evolved slowly (Ellis, 2010). The complex multistep catalytic 
chemistry has largely contributed to the slowness of Rubisco to change over evolutionary time 
(Kannappan and Gready, 2008, Pearce, 2006). Rubisco originated from an ancestral enzyme in 
Archaea around 3.5 billion years ago, that functioned in a predominately anaerobic and CO2 rich 
atmosphere (Planavsky et al., 2014, Tabita et al., 2008a). Since then, due to photosynthetic activity 
and consequential O2 production, there has been a large increase in atmospheric oxygen abundance 
which has been detrimental to the carboxylation activity of Rubisco (Whitney et al., 2015, Whitney et 
al., 2011a). Although changes in Rubisco have been slow to occur, a number of photosynthetic 
organisms including C4 plants, algae and cyanobacteria have evolved carbon concentrating 
mechanisms (CCM) that prevent competitive inhibition by O2 on Rubisco CO2 fixation. Interestingly, 
C4 photosynthesis has been identified as evolving independently in over 60 different plant species 
within 18 different families over the last ≈ 30 million years (Sage and Zhu, 2011).  
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1.2.3 Rubisco function in higher plants 
Rubisco is slow, nonspecific and is often the rate limiting step in the overall photosynthetic process. 
Rubisco catalyses the carboxylation of ribulose-1,5-biphosphate (RuBP) in the Calvin Bassham 
Benson (CBB) cycle, producing two molecules of 3-phosphoglycerate (3PGA) (Figure 1.2) 
(Andersson and Backlund, 2008, Sharwood, 2017a). Carboxylation of RuBP involves several discrete 
steps in order to bind RuBP, orientate conserved active site residues for preferential reaction with 
atmospheric CO2 over O2 and convert the six carbon product to two 3PGA (Andersson, 2008, 
Andersson and Backlund, 2008, Whitney et al., 2015). Atmospheric CO2 is fixed in the process 
leading to production of sugars and starches (Figure 1.2).  
Figure 1.2 Schematic summary of the plant chloroplast and photosynthetic reactions in higher plants. Rubisco 
catalysis of CO2 or O2 leads to carboxylation or oxygenation of RuBP respectively. One of the products of 
oxygenation, 2PG, requires recycling via photorespiration. The light dependent reactions (pictured on left hand 
side) can be rate limiting under low illumination, while under high light flux the CBB cycle is mostly limited by 
Rubisco activity. The orange arrow represents five discrete steps required for regeneration of RuBP, including 
the catalysis of sedoheptulose-1,7-biphosphate (SPB) by sedoheptulose-1,7-biphosphatase (SPBase) to produce 
sedoheptulose-7-phosphate (S7P), identified as being rate limiting when CO2 is of a suitable concentration that 
Rubisco is no longer rate limiting (Rosenthal et al., 2011) 
CDM) chloroplast double membrane; CBB) Calvin Bassham Benson cycle; 3PGA) 3-phosphoglycerate; G3P) 
glyceraldehyde 3-phosphate; 2PG) 2-phosphoglycolate; ATP) adenine triphosphate; ADP) adenine diphosphate; 
NADPH) nicotinamide adenine dinucleotide phosphate; PR) photorespiration. (Adapted from Hauser et al. 
2015). 
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However, carboxylation efficiency is hampered by the similar electrostatic potential between CO2 and 
O2 as well as disproportionate amounts available in the atmosphere. O2 can act as a competitive 
inhibitor of CO2, leading to oxygenation of RuBP by Rubisco to produce one molecule of 3PGA and 
one of 2-phosphoglycolate (2PG). This 2PG requires recycling via photorespiration, involving three 
subcellular components and energy in the form of ATP and NADPH and leading to the release of 
previously fixed carbon as CO2 (Figure 1.2) (Andersson and Backlund, 2008, Bauwe et al., 2010, 
Bowes et al., 1971). 
1.2.4 Rubisco catalytic variability 
Despite the various Rubisco forms sharing both similar catalytic chemistry and significant amino acid 
conservation, with plant Rubisco LSU sharing ≈ 90% amino acid sequence similarity, there is 
significant catalytic variability between different Rubisco enzymes (Table 1.2) (Tabita et al., 2008a, 
Tcherkez et al., 2006). In general, Rubisco variants with low CO2 affinities but high carboxylation 
rates [kcatc(s-1)], are observed in organisms with CO2 concentrating mechanisms (CCM) such as C4 
plants, some cyanobacteria and photosynthetic bacteria. In contrast, C3 plants, including most crops, 
and some algae do not have a CCM and their Rubisco tend to exhibit high CO2 affinities, slower 
carboxylation rates and sometimes a higher specificity for CO2 over O2 [SC/O (mol.mol-1)] (Lin et al., 
2014, Tcherkez et al., 2006, Whitney et al., 2011b). 
Table 1.2 Rubisco catalytic variability at 25º C. Adapted from Wilson and Whitney (2017). 
Form Organism(s) kcatc(s-1) SC/O (mol.mol-1) 
I (green-type) C3 plantsa 2.2-3.5 75-100 
 
C4 plantsa,b 2.1-6.0 70-90 
 
Cyanobacteriaa 11.6-14.3 41-52 
I (red type) Red algaea 1.2-2.6 140-170 
 
Diatomsa 2.1-3.7 57-120 
II Proteobacteria 6-9 9-41 
III Archaeac <2 1-11 
aYoung et al. (2016) 
bSharwood et al. (2016b) 
cAlonso et al. (2009), Wilson et al. (2016) 
1Values measured at 10º C 
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Rubisco is thermostable to over 50° C, but increasing temperatures result in higher rates of Rubisco 
oxygenation leading to increased rates of photorespiration (Ainsworth and Ort, 2010) which decrease 
net photosynthesis in C3 plants. The adverse effects of temperature change observed for US maize and 
soybean production indicate that the assumption that as temperature increases in temperate regions, 
production will also increase is a fallacy (Kucharik and Serbin, 2008, Lobell and Asner, 2003). A 
metadata study of over 70 higher plant species identified a high level of catalytic variability in 
response to temperature increase. Although it was previously suggested that it would be better to trade 
off specificity for catalytic rate regardless of temperature due to the perceived inverse relationship 
between specificity and catalytic rate (Zhu et al., 2004), more recently, the Rubisco kinetic parameter 
predicted to have the most impact across a range of temperatures on photosynthetic rate is specificity 
for CO2 over O2 (Sharwood et al., 2016a). 
It had been hypothesised that higher plant Rubisco may be already fully optimised and an increase to 
catalytic rate may come at a cost to CO2 specificity and affinity (Tcherkez et al., 2006). However, 
recent studies of red type Form 1D Rubisco from diatom and haptophyte microalgae showed little 
evidence of trade-offs between low catalytic rate/ high specificity and low catalytic rate/ high 
specificity Rubiscos (Hanson, 2016, Heureux et al., 2017, Young et al., 2016). This replicated the 
findings of a high resolution kinetic study of Form 1A Rubisco from related C3 and C4 grass species 
where variations in kcatc correlated poorly with differences in SC/O (Sharwood et al., 2016a). It has 
been recognised for some time that some red type Form ID Rubisco variants from red algae are more 
kinetically efficient than plant Form 1A isoform. However, incorporation of red type Rubisco within 
plants has revealed incompatibilities in folding and assembly requirements due to a lack of chaperone 
complementarity (Whitney et al., 2001). 
Understanding the kinetic diversity among Rubisco variants from a wide variety of higher plant 
species including C3, C3-C4 intermediate and C4 species, has helped identify more efficient Rubisco 
variants useful for replacing into target species (Sharwood et al., 2016a). Extending this work to 
include comparative mRNA transcript analysis as a means to identify amino acid sequence changes in 
the LSU and/or SSU that facilitate the altered catalytic properties of C4 Rubisco have yet to be 
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explored. As highlighted by Sharwood et al. (2016a) the inclusion of plant varieties from extreme 
environments as well as ancestral crop species in temperature response Rubisco kinetic surveys is 
paramount to developing our understanding of Rubisco kinetic diversity and identifying more 
efficient variants and the amino acid change(s) that impart a kinetic benefit. A number of additional 
catalytic diversity studies have investigated the properties of a range of Rubisco variants (Galmes et 
al., 2014, Galmes et al., 2015, Orr et al., 2016, Sharwood, 2017a). For example, a catalytic diversity 
study of over 75 plant species confirmed that although higher plant rbcL is highly conserved across 
plant families, there is significant variation in the kinetic capabilities of the Rubisco variants (Orr et 
al., 2016). This study also showed catalytic variation was observed even within closely related 
species. 
It has now become evident that the early research characterising Rubisco catalytic rate and specificity 
from model species such as the cyanobacterium Synechococcus, and plants N. tabacum and Spinacia 
oleracea (spinach) and a handful of other species was too limited and led to misrepresented assertions 
of generic trade-offs among Rubisco parameters (Hanson, 2016). The provision of a kinetic data set 
for an extended range of Rubisco variants has stimulated research in the area, with realisation that 
improvements in Rubisco performance are naturally feasible and have the potential to significantly 
enhance photosynthesis (Orr et al., 2016, Sharwood et al., 2016a, Sharwood et al., 2016b)  
1.2.5 Rubisco inefficiencies in higher plants 
As Rubisco catalyses a major metabolic step of photosynthesis that has regulatory control, a change in 
the reaction rate will impact the efficiency of the metabolic pathway. An increase in the overall rate of 
CO2 assimilation could then lead to improved crop yield (Kromdijk and Long, 2016). Due to higher 
plant Rubisco inefficiency, large amounts of Rubisco are required. In some cases this can be up to 
50% of the plant total soluble protein and 25% of leaf nitrogen, leading to Rubisco’s notoriety as the 
most abundant protein on the planet (Andersson and Backlund, 2008, Ellis, 1979, Michelet et al., 
2013). Compounding the inefficiency of photosynthesis, higher plant Rubisco has a comparatively 
slow turnover rate (kcatc) of ≈ 1 to 6 cycles per second in leaf chloroplasts (Ellis, 2010, Hartman and 
Harpel, 1994, Whitney et al., 2011a) along with a tendency for function to be inhibited by the binding 
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of sugar phosphate molecules that are similar to Rubisco catalytic transition state intermediates 
(Carmo-Silva et al., 2015, Servaites, 1990). Rubisco activase (RCA) regulates Rubisco activity by 
facilitating the removal of the inhibitory sugar phosphate molecules from the catalytic site (Parry et 
al., 2008). In addition to the metabolic repair role of RCA there are a number of additional ancillary 
proteins implicated in the assembly and accumulation of Rubisco that will be discussed further (Table 
1.3). 
1.2.6 The genetics of higher plant Rubisco  
Higher plant chloroplasts, and other plastids, are considered to have arisen from an endosymbiotic 
event and have a highly polyploid circular genome of approximately 120-150 kb, derived from 
cyanobacteria, contained within a double membrane. Modern plant chloroplast DNA replication, gene 
expression and protein translation machinery remain prokaryote-like (Dyall et al., 2004). Although 
many important genes of the photosynthetic reactions are contained within the chloroplast genome, 
the vast majority of genes have migrated to the nuclear genome over time (Dyall et al., 2004). 
In plants, the LSU is encoded by the rbcL gene contained within the chloroplast genome. In contrast 
to the LSU, the SSU is encoded by multiple rbcS genes in the nuclear genome, and the translated 
product is transported to the chloroplast stroma for incorporation into Rubisco ((L2)4S8) complexes 
(Dhingra et al., 2004). Higher plants have a varying number of rbcS copies encoding for the SSU. For 
example, N. tabacum (tobacco) codes thirteen rbcS copies, S. lycopersicum (tomato) codes five while 
B. napus contains three rbcS gene sequences (Gong et al., 2014, O'Neal et al., 1987). Although early 
studies in cyanobacteria revealed that the SSU is not essential for catalysis, it is required for Rubisco 
stability and optimal activity (Spreitzer, 2003, Spreitzer and Salvucci, 2002, Whitney and Andrews, 
1998). More recently, higher plant Rubisco replacement experiments have indicated that catalysis 
requires complementarity between SSU and LSU (Sharwood, 2017a, Whitney et al., 2015). 
Unsurprisingly, the expression, assembly and accumulation of plant Rubisco L8S8 complexed requires 
the assistance of a number of chaperone proteins (Table 1.3).  
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Table 1.3 Higher plant Rubisco and chaperone genes. A number of genes are implicated in the assembly and 
accumulation of LSU, SSU and Rubisco holoenzyme. LSU) large subunit; SSU) small subunit. 
Gene Protein Protein role in higher plants References 
Rubisco large 
subunit (rbcL) LSU 
LSU dimers with two active sites at the 
interfaces between C and N terminal 
domains  
Andersson and 
Backlund (2008); 
Tabita et al. (2008b) 
Rubisco small 
subunit (rbcS) SSU 
Involved in protein stability and influences 
catalysis 
Dhingra et al. (2004) 
Ishikawa et al. (2011) 
Rubisco activase 
(RCA) RCA 
Regulates activity by decreasing inhibition 
through the removal of sugar phosphate 
intermediates 
Mate et al. (1996), 
Portis et al. (1986) 
Chaperonin 20 
(Cpn20) CPN20 Subunit of CPN cap; mediates folding of LSU Aigner et al. (2017) 
Chaperonin 60 
(Cpn60) 
CPN60α 
CPN60β Subunit of CPN cage; mediates folding of LSU Aigner et al. (2017) 
Rubisco factor X 
(RbcX) RbcX 
Aids in formation of LSU complex prior to 
SSU binding 
Bracher et al. (2011); 
Mueller-Cajar and 
Whitney (2008a) 
Bundle sheath 
defective 
(BSDII) BSDII 
May mediate folding and accumulation of 
LSU 
May stabilise L8 complex and mediate 
incorporation of SSU 
Aigner et al. (2017) 
Conlan et al. (2018) 
Wostrikoff and Stern 
(2007) 
Rubisco 
accumulation 
factor I (Raf1) Raf1 
Mediates folding and assembly of LSU 
dimers 
Feiz et al. (2012); 
Whitney et al. (2015) 
Rubisco 
accumulation 
factor (Raf2) Raf2 Unknown, needed for Rubisco biogenesis 
Aigner et al. (2017), 
Feiz et al. (2014) 
1.3 Rubisco chaperone proteins 
Molecular chaperone proteins non-covalently assist in the folding, unfolding, assembly and 
disassembly of macromolecular structures such as Rubisco without being part of the holoenzyme 
itself (Alonso et al., 2009, Ellis and Hemmingsen, 1989). A number of chaperone proteins have been 
implicated in the biogenesis of Rubisco which involves the correct assembly and processing of the 
chloroplast-produced LSU and the nuclear encoded SSU (Table 1.3) (Andersson, 2008, Hauser et al., 
2015). Proteins involved in Rubisco synthesis and assembly include; 1) chloroplast chaperonin 
complexes (Cpn) (Hemmingsen et al., 1988), and the Rubisco specific chaperones 2) RbcX (Whitney 
et al., 2015), 3) Rubisco accumulation factor 1 (Raf1) and 2 (Raf2) and 4) Bundle sheath defective II 
(BSDII) (Brutnell et al., 1999, Hauser et al., 2015). 
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1.3.1 Chaperonin 
The involvement of chaperonins (Cpn) in accumulation and assembly of Rubisco is important for 
facilitating the correct folding of the LSU (Hemmingsen et al., 1988). Cpn are protein folding 
complexes found in the cytosol, chloroplasts and mitochondria of plant cells. The two main types are 
Cpn60 and Cpn20, both having a high level of homology with the well characterised bacterial GroE 
chaperonin complexes comprising GroEL/ES subunits in Escherichia coli (Whitney et al., 2015). 
Although strong structural homology exists between bacterial GroE and chloroplast Cpn, successful 
assembly of Form I Rubisco in E. coli is limited to variants derived from some cyanobacteria and 
protobacteria (Joshi et al., 2015). Recent success in finally producing Arabidopsis Rubisco in E. coli 
required the co-expression of not only Cpn60/Cpn20 but also the Rubisco specific chaperones RbcX, 
RAFI, RAFII and BSDII (Aigner et al., 2017). This study confirmed prior work with Raf1 (Whitney 
et al., 2015) as to the need for sequence complementarity requirements between the LSU and one or 
more of the ancillary proteins involved in L8S8 biogenesis (Andersson, 2008, Andrews and Whitney, 
2003, Whitney et al., 2015). 
1.3.2 RbcX 
RbcX was first identified in cyanobacteria and enhanced the synthesis and assembly of active 
recombinant cyanobacterial Rubisco in E. coli (Li and Tabita, 1997, Onizuka et al., 2004). The role of 
RbcX in synthesis and assembly of form 1 cyanobacterial Rubisco has been well defined in vitro and 
in E. coli (Whitney et al., 2015). RbcX aids in the formation of RbcX bound L2 units followed by 
formation of (L2)4 complexes that can bind SSU to displace the RbcX and trigger catalytic potential 
(Bracher et al., 2011). Curiously, the role of RbcX within the higher plant chloroplast has not been 
clearly defined (Mueller-Cajar and Whitney, 2008b, Whitney et al., 2015) albeit it is essential for 
plant L8S8 production in E. coli (Aigner et al., 2017). 
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1.3.3 Raf1 
Raf1 is also involved in the assembly of the LSU into L2 units and has been shown to require 
sequence complementarity due to parallel evolution linkages (Whitney et al., 2015). Expression of 
Arabidopsis rbcL alongside its complementary Arabidopsis Raf1 in transplastomic N. tabacum 
resulted in a threefold increase in the assembly potential of the Arabidopsis LSU assembly compared 
to expression of the Arabidopsis LSU alone (Whitney et al., 2015).  
1.3.4 BSDII 
BSDII was first identified in maize and was suggested to be involved in the regulation of Rubisco 
expression (Brutnell et al., 1999, Roth et al., 1996). BSDII is expressed from the nuclear genome and 
transported to the stroma of the chloroplast (Brutnell et al., 1999). As mentioned above, Arabidopsis 
Rubisco assembly in E. coli required the co-expression of complementary chaperones, including 
BSDII. Stable L8BSDII8 complexes were formed when SSU were omitted, implying that BSDII may 
have a role in the stabilisation of the L8 complex and assist in the incorporation of SSU into the L8S8 
holoenzyme (Aigner et al., 2017). Recent BSDII overexpression studies in tobacco successfully 
demonstrated the production of stable L8BSDII8 intermediate complexes in chloroplasts (Conlan et al., 
2018). It was also shown that overexpression of BSDII from the chloroplast in N. tabacum did not 
impact Rubisco accumulation, photosynthetic rate or growth and that BSDII sequence 
complementarity with the LSU is not critical in plant Rubisco assembly. 
1.4 Genetic approaches for improving photosynthesis 
The majority of research on modifying plant Rubisco has been in the model species N. tabacum. 
Initial Rubisco mutagenic studies used E. coli and cyanobacterial Rubisco as a model testing system 
of Form I Rubisco, although there was uncertainty as to the potential for translating kinetic traits from 
cyanobacterial to plant Rubisco since their inherent kinetics differed greatly (Table 1.2). High 
throughput screening of plant Rubisco kinetics in E. coli now seems a reality (Aigner et al., 2017) 
although the effectiveness of using E. coli as a surrogate for chloroplast expression and kinetic testing 
has yet to be comprehensively demonstrated. Prior to this break-through, experimental testing of 
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higher plant Rubisco had primarily focused on chloroplast and nucleus transformation in N. tabacum 
(Table 1.4) (Sharwood, 2017a). 
A number of genetic approaches for improving photosynthesis have been identified and with the 
Rubisco carboxylation of RuBP often limiting the rate of flux through the CBB cycle, the majority of 
work has focussed on this enzyme. Genetic approaches will be discussed further with a focus on 1) 
Rubisco gene replacement (and expression of complementary chaperone proteins) and other 
approaches explored briefly including 2) reduction of photorespiration, 3) overexpression of other 
photosynthetic enzymes, 4) introduction of carbon concentrating mechanisms (CCM) into C3 plants, 
5) conversion of C3 rice to C4 photosynthesis and 6) directed protein evolution. 
1.4.1 Rubisco gene replacement 
The engineering of Rubisco has been complicated by the differing locations of rbcL and rbcS genes, 
being located within the chloroplast and nuclear genomes respectively (Evans, 2013, Sharwood, 
2017a, Whitney and Sharwood, 2008). Early Rubisco engineering experiments were restricted to the 
use of nuclear transformation only and these experiments included deletion of SSU resulting in 
Rubisco deficient plants (Hudson et al., 1992) and expression of rbcL from the nuclear genome 
achieving low levels of LSU production (Kanevski and Maliga, 1994). 
The advent of plastid transformation technology allowed for direct manipulation of genes contained 
within the chloroplast, including rbcL. Plastid transformation has a number of advantages compared 
to nuclear transformation including maternal inheritance leading to gene containment, site specific 
integration via homologous recombination thus eliminating positional effects, the capability to 
express prokaryote like operons and greatly increased expression of transgenes (Daniell et al., 2005, 
Ruf et al., 2007, Whitney et al., 2015). Plastid transformation has been reported widely for N. 
tabacum (Svab et al., 1990) and a limited number of other dicotyledonous species including Solanum 
tuberosum (potato) (Nguyen et al., 2005, Valkov et al., 2011, Zhang et al., 2015), S. lycopersicum 
(tomato) (Ruf et al., 2001), Beta vulgaris L. ssp. vulgaris, (sugar beet) (De Marchis et al., 2009), 
Glycine max (soybean) (Dufourmantel et al., 2004) and Brassicas such as Arabidopsis thaliana 
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(Sikdar et al., 1998, Yu et al., 2017), Brassica oleracea var. botrytis (cauliflower) (Nugent et al., 
2006) and B. oleracea var. capitata (cabbage) (Liu et al., 2007).  
The main disadvantage of plastid transformation technology is that in over 20 years of research in the 
area, there has been very limited progress in the generation of stable, homoplasmic monocotyledonous 
(monocot) species. Heteroplasmic Oryza sativa (rice) has been achieved (Kahn and Maliga, 1999, Lee 
et al., 2006) and more recently, the generation of homoplasmic rice was reported (Wang et al., 2018). 
Although homoplasmic callus was generated from sustained growth (> 300 d) under spectinomycin 
selection, only two shoots were generated, one of which died prior to development of roots and the 
other died after transfer to soil and prior to setting seed (Wang et al., 2018). There has been one report 
for Triticum aestivum (wheat) that was later withdrawn (Cui et al., 2011, He, 2012) with no further 
reports thus far. There have been a number of recent patent applications for the plastid transformation 
and regeneration of Zea mays (maize) (Bendich and Oldenburg, 2015, Moller et al., 2017, Sidorov et 
al., 2016, Sidorov et al., 2017) indicating that the private sector may be making progress towards 
development of suitable protocols for plastid transformation and regeneration of monocots. 
The vast majority of important crop species are monocots such as rice, maize and wheat. Until 
overcome, the inability to stably transform the plastid genome of monocots will limit the genetic 
approaches available for improvement of photosynthesis in these species, thus there is a need for a 
concerted effort towards circumventing this barrier. Although the vast majority of commercially 
significant crop plants are monocots, there are commercially important dicot crop species that utilise 
C3 photosynthesis including S. tuberosum and B. napus, and thus, are suitable targets for genetic 
engineering or modification of the plastid genome.  
Replacing rbcL within the chloroplast genome of N. tabacum with other Form I or Form II Rubisco 
genes has had varying success (Table 1.4) (Kanevski et al., 1999, Lin et al., 2014, Sharwood et al., 
2008, Whitney and Sharwood, 2008, Zhang et al., 2011). The barriers to successful replacement of 
Rubisco in higher plants include; the high sequence similarity between higher plant rbcL genes, 
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interference in the assembly of foreign Rubisco by the native SSU and low levels of accumulation of 
the foreign LSU and as a consequence Rubisco. 
1.4.1.1 Higher plant rbcL gene sequence similarity 
Due to the high sequence similarity between rbcL genes of higher plants, unusual recombination 
events can occur, as detailed by Kanevski et al. (1999). Two transplastidic lines were generated, one 
with recombination occurring within rbcL producing chimeric Rubisco and the other line producing 
hybrid Rubisco composed of foreign LSU and native SSU. Although the hybrid Rubisco reflected the 
catalytic ability of the source of foreign rbcL, accumulation was extremely low and transplastomic 
plants were not autotrophic under normal atmospheric conditions (Kanevski et al., 1999, Sharwood et 
al., 2008). The same phenomenon was observed when tomato Rubisco genes were inserted into the N. 
tabacum chloroplast genome with the aim of co-expressing the S. lycopersicum SSU from the 
chloroplast genome as part of an operon (Zhang et al., 2011). Within these Solanaceae species, rbcL is 
highly similar, with only 4 substitutions in the 477 amino acid sequence. Two lines were generated, 
one accumulating hybrid Rubisco (tomato LSU and N. tabacum SSU) and the other expressing a 
chimeric LSU. The S. lycopersicum SSU was expressed but was not incorporated into holoenzyme in 
either line (Zhang et al., 2011). Although the chimeric Rubisco was similar kinetically to non-
transformed N. tabacum, a reduced Rubisco content compared to wild type (WT) was observed 
leading to an overall reduction in photosynthetic ability (Zhang et al., 2011). 
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Table 1.4 Higher plant rbcL replacement experiments. The outcomes for Rubisco content, photosynthetic rate 
and growth are compared to non-transformed tobacco (NT). ↓) decreased, ↑) increased. 
Target species GOI & Source Outcomes:             
rbcL replacement  
Rubisco 
accumulation  
Photosynthetic 
rate 
Growth Author(s) 
Nicotiana 
tabacum 
(tobacco) 
rbcL; Helianthus 
annus (sunflower) 
Chimeric and 
hybrid Rubisco 
(L8S8)  
↓  ↓ activity, affinity 
& turnover 
↓ Enriched 
atmospheric 
CO2 required 
Kanevski et al. 
(1999); 
Sharwood et al. 
(2008) 
N. tabacum rbcL, 
Synechococcus 
Full replacement, 
↓↓ rbcL transcript 
(L8S8)  
No  No activity 
detected 
↓↓ Kanevski et al. 
(1999) 
N. tabacum Mutated rbcL 
(codon 335 Leu to 
Val); N. tabacum  
Full replacement 
hybrid (L8S8) 
Similar NT ↓activity & 
specificity 
Slower than NT 
but otherwise 
normal. 
Whitney et al. 
(1999) 
N. tabacum rbcL; 
Rhodospirillum 
rubrum 
Full replacement, 
↓ rbcL transcript 
(L2) 
↓  ↓ photosynthetic 
rate, reflecting 
source rbcL 
Enriched 
atmospheric 
CO2 required 
Whitney and 
Andrews (2003) 
N. tabacum codon modified 
rbcL; R. rubrum 
Transplastomic 
master line cmtrL 
generated (L2) 
↓ 
accumulation 
↓ photosynthetic 
rate, reflecting 
source rbcL 
↓ enriched 
atmospheric 
CO2 required 
Whitney and 
Sharwood 
(2008) 
Tobacco-rubrum 
master-line cmtrL 
rbcL, mutant rbcL 
or rbcL + rbcS; N. 
tabacum  
Full replacement 
hybrid (L8S8) 
↓  Specificity & 
carboxylation 
matched previous 
measurements 
Autotrophic in 
air 
Whitney and 
Sharwood 
(2008) 
Tobacco-rubrum 
master-line cmtrL 
rbcL with 40 aa 
linker to rbcS; 
Synechococcus 
PCC6301 
Full replacement 
(L8S8) 
↓ Similar to NT ↓ enriched 
atmospheric 
CO2 required 
Whitney et al. 
(2009) 
Tobacco-rubrum 
master-line cmtrL 
rbcL; 
Methancoccoides 
burtonii 
Full replacement 
(L10) 
L2 assembled 
into L10 in 
presence of 
RuBP  
↓ ↓ enriched 
atmospheric 
CO2 required 
Alonso et al. 
(2009) 
Tobacco-rubrum 
master-line cmtrL 
rbcL; Flaveria 
pringlei (C3) 
Full replacement  
hybrid (L8S8) 
↓  ↓ ↓ enriched 
atmospheric 
CO2 required 
Whitney et al. 
(2011b) 
Tobacco-rubrum 
master-line cmtrL 
rbcL; F. floridana 
(C3-C4) 
Full replacement 
hybrid (L8S8) 
↓  ↓ ↓ autotrophic 
in air 
Whitney et al. 
(2011b) 
Tobacco-rubrum 
master-line cmtrL 
rbcL; F. bidentis 
(C4) 
Full replacement 
hybrid (L8S8) 
↓  ↓ ↓ autotrophic 
in air 
Whitney et al. 
(2011b) 
N. tabacum rbcL-rbcS; 
Solanum 
lycopersicum 
(tomato) 
Chimeric and 
hybrid Rubisco 
(L8S8) 
↓ ↓ ↓ Zhang et al. 
(2011) 
N. tabacum rbcL and rbcS with 
rbcX or ccmM35 
(carboxysomal) 
Full replacement 
(L8S8) 
↓ ↓ ↓ Lin et al. (2014) 
Tobacco-rubrum 
master-line cmtrL 
rbcL or rbcL and 
RAF1; Arabidopsis 
Full replacement 
Hybrid (L8S8) 
↓; inclusion 
of RAF1 ↑ 
content 
compared to 
rbcL alone 
↓; inclusion of 
RAF1 ↑ 
photosynthesis 
compared to rbcL 
alone 
↓ Enriched 
atmospheric 
CO2 required 
Whitney et al. 
(2015), 
(Whitney et al., 
2011b) 
Tobacco-rubrum 
master-line cmtrL 
mutated rbcL; M. 
burtonii 
Full replacement 
(L10) 
↓ ↓ compared to NT 
↑ compared to 
non-mutated rbcL 
↓ Enriched 
atmospheric 
CO2 required 
Wilson et al. 
(2016) 
Tobacco-rubrum 
master-line cmtrL 
rbcL and rbcS with 
2 carboxysome 
genes, Cyanobium 
marinum  
Full replacement 
(L8S8) 
↓ ↓ ↓ Long et al. 
(2018) 
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The issue of unwanted higher plant rbcL recombination events was overcome by firstly generating a 
tobacco-rubrum master line (cmtrL) whereby the native rbcL was replaced with a form 2 rbcL derived 
from R. rubrum (Whitney and Sharwood, 2008) (Figure 1.3). The resulting cmtrL plants accumulated 
L2 Rubisco, grew normally under enhanced CO2 and were able to be utilised for further gene 
replacement experiments in which other gene variants successfully replaced R. rubrum rbcL (Table 
1.4) (Alonso et al., 2009, Whitney et al., 2015, Whitney et al., 2011b). However, the sequence 
complementarity between the tobacco SSU and the foreign plant LSU influence the capacity of hybrid 
plant L8S8 complexes (Whitney et al., 2015).  
1.4.1.2 Interference of foreign Rubisco assembly from native SSU  
Although N. tabacum rbcS has been expressed from the chloroplast and assembled into (L2)4S8 
Rubisco, the majority of SSU assembled were native nuclear expressed SSU (Whitney and Andrews, 
2001). However, without interference from the native SSU, plastid expressed SSU can successfully be 
assembled into functional (L2)4S8 Rubisco as demonstrated by restoration of functionality to rbcS 
antisense N. tabacum via the expression of rbcS from the chloroplast (Dhingra et al., 2004).  
As the cmtrL transformants form functional Rubisco of L2 dimers, enabling growth in soil under 
elevated atmospheric CO2 (Whitney and Sharwood, 2008), it should be feasible to engineer rbcS 
using techniques such as RNAi silencing or CRISPR/cas9 without interfering with accumulation of L2 
Rubisco and thus retaining photosynthetic capability. The L2/silenced rbcS plants could then be 
utilised for further transformation experiments to replace the gene encoding L2 with rbcL and rbcS 
gene variants (Sharwood, 2017a) (Figure 1.3).  
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Figure 1.3 Representation of Rubisco assembly and replacement in plants. A) Rubisco assembly in higher 
plants. The LSU is expressed from chloroplast genome then folded and assembled into (L2)4 complex. SSU 
expressed from multiple genes within the nuclear genome are synthesised in the cytosol and transported to the 
chloroplast for final incorporation into (L2)4S8. B) rbcL replacement with R. rubrum rbcL. R. rubrum LSU 
expressed from chloroplast genome then folded and assembled into L2 (LSU dimers). The cytosol made SSU are 
transported to chloroplast and, as not needed, are rapidly degraded by stromal proteases. C) Replacement of R. 
rubrum rbcL with alternative plant rbcL and rbcS. The alternative plant LSU expressed from chloroplast 
genome are folded and assembled into (L2)4, while some of the alternative plant SSU expressed from chloroplast 
are assembled into (L2)4S8 but the majority degraded as the native cytosol made SSU are preferentially 
incorporated into the L8S8 complexes. D) Silencing rbcS mRNA production in R. rubrum L2-Rubisco producing 
plants should result in an unchanged phenotype to the paternal genotype shown in (B). E) Hypothetical 
heterogeneous Rubisco accumulation within the chloroplast of R. rubrum rbcL/ silenced rbcS master line 
transformed with a plastid targeted rbcL-rbcS operon. CDM) chloroplast double membrane; CG) chloroplast 
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genome; LSU) large subunit Rubisco; SSU) small subunit Rubisco; L2) LSU dimer; (L2)4S8) Rubisco 
holoenzyme. 
 
1.4.1.3 Low accumulation levels of foreign rbcL 
Prior to the generation of the cmtrL tobacco-rubrum master line in 2008, there were three reports 
specifically addressing rbcL replacement in higher plants, with limited success due to sequence 
similarities as addressed above (Section 1.4.1.1 and Table 1.3). Since then there have been eight 
further papers addressing rbcL replacement, six of which utilised the cmtrL master line and reported 
the successful replacement of ten different rbcL variant. In general, accumulation levels of 
transplastomic Rubisco were substantially lower compared to wild type, thus, regardless of the kinetic 
parameters of the introduced Rubisco, the overall result was a reduction of photosynthetic ability. The 
co-expression of a complementary chaperone gene, Raf1, improved accumulation of foreign Rubisco 
in N. tabacum indicating that inclusion of complementary chaperone proteins in plastid expression 
cassettes may overcome low accumulation levels (Whitney et al., 2015). As mentioned previously 
there are a number of chaperone proteins involved in the assembly and accumulation of Rubisco. It 
has been hypothesised that inclusion of other complementary chaperones in plastid expression 
cassettes may enhance the overall assembly and accumulation of foreign Rubisco as demonstrated by 
Whitney et al. (2015). 
1.4.2 Reduction of photorespiration 
Photorespiration is generally considered a wasteful pathway as it consumes energy and releases 
previously fixed CO2 in its process of recycling the Rubisco oxygenation 2PG product into 3PGA 
(Figure 1.2). Recycling of 2PG via photorespiration is a complex pathway that involves three 
subcellular organelles with a number of the metabolic intermediates linked into other metabolic 
pathways. Approaches for reducing photorespiration include the introduction of alternative pathways 
that localise 2PG recycling and CO2 emission in the chloroplast (Long et al., 2015, Timm et al., 2016, 
Xu et al., 2009) and the overexpression of photorespiratory enzymes (Timm et al., 2016). Recently, 
the introduction of a synthetic glycolate metabolism pathway into N. tabacum successfully produced 
faster growing plants that, at the time of harvest during exponential growth, had up to 40% greater 
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biomass than NT controls (South et al., 2019, South et al., 2018). This finding demonstrated the 
potential gains to be made in yield by circumventing the energy costs of photorespiration and 
localising CO2 emission in the chloroplast.  
1.4.3 Overexpression of photosynthesis enzymes 
Another approach to increase photosynthesis is the over expression of other enzymes apart from 
Rubisco involved in C3 photosynthesis (Figure 1.2) (Rosenthal et al., 2011). There are nine enzymes 
in the CCB cycle with Rubisco and Sedoheptulose-1,7-biphosphatase (SPBase) being identified as 
two enzymes most likely to be rate limiting (Rosenthal et al., 2011). SPBase is located in the RuBP 
regeneration phase of the CBB cycle (Figure 1.2). Overexpression in N. tabacum with growth under 
open air elevated CO2 (and non-limiting light) demonstrated that under expected future atmospheric 
CO2 concentrations overexpression of SPBase led to increased RuBP regeneration and photosynthesis 
and thus carbon assimilation and plant yield (Rosenthal et al., 2011). As SPBase is a nuclear 
expressed gene that can be manipulated in both dicots and monocots, this may offer a comparatively 
simple yet effective way to engineer photosynthesis for future conditions. 
1.4.4 Introduction of a CCM into C3 plants 
CCM’s are found in a number of organisms, including C4 plants, cyanobacteria and algae which 
incorporate a variety of mechanisms that concentrate CO2 around Rubisco to alleviate 
photorespiration and saturate carboxylation activity. C3 and C4 plants have both anatomical and 
biochemical differences, C3 photosynthesis takes place within mesophyll cells whereas C4 
photosynthesis occurs across two cell types, mesophyll and bundle sheath cells. The CCM’s of 
cyanobacteria and algae utilise specialised organelle structures, the cyanobacterial carboxysome and 
algal pyrenoid (Lin et al., 2014, Sharwood, 2017b). Modelling simulations predict that successful 
introduction of cyanobacterial or algal CCM’s into a C3 chloroplast could increase photosynthesis, 
plant growth and yield (Atkinson et al., 2017, von Caemmerer et al., 2012). Notably the CCM 
components of both organisms are numerous, for cyanobacteria it necessitates introducing a CO2-
transporter, eliminating carbonic anhydrase expression in the stroma and assembling functional 
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carboxysome (Price et al., 2011, Price et al., 2013). Expression of genes encoding β-carboxysome 
proteins in N. tabacum resulted in the formation of carboxysome-like compartments within the 
chloroplast stroma, an important first step for the incorporation of cyanobacterial CCMs into higher 
plants (Hanson et al., 2013, Lin et al., 2014, Parry et al., 2013a, Sharwood, 2017a). Replacement of 
the tobacco rbcL with cyanobacterial rbcL and rbcS genes (either with or without genes coding rbcX) 
produced transplastomic Rubisco with similar kinetics to the source cyanobacterial Rubisco, however 
it was produced in low amounts (< 20% of the Rubisco content in NT plants) resulting in a decreased 
growth rate and requiring enhanced [CO2] for autotrophic growth (Lin et al., 2014). More recently, the 
formation of simple carboxysomes in N. tabacum was achieved by replacement of the native rbcL 
with cyanobacterial rbcL and rbcS, alongside genes encoding for two carboxysome shell proteins 
(Long et al., 2018). It was determined that although further engineering would be required for the 
generation of fully functional carboxysomes, including the need for transport proteins, the minimal 
gene set approach demonstrated that complex structures can be generated from a simplified set of 
genes (Long et al., 2018). 
1.4.5 Conversion of rice from C3 to C4 photosynthesis 
The international C4 rice consortium is a large, long term collaboration investigating the conversion of 
C3 rice to C4 photosynthesis (Furbank, 2016, Furbank et al., 2009). A combined approach has been 
undertaken by this consortium, encompassing both biochemical and anatomical differences (von 
Caemmerer et al., 2012). Mutant screening along with studies comparing C3, C3-C4 intermediate and 
C4 plants such as rice, sorghum, maize and Flaveria species are being used to identify genes involved 
in the anatomical differences (Wang et al., 2009). For example, glycine decarboxylase complex 
(GDC) has a key role in the photorespiratory pathway with the complex consisting of four proteins, H, 
P, T and L (Douce et al., 2001). Knockdown of glycine decarboxylase complex H-protein (GDCH) 
with the aim of reducing GDCH mesophyll content not only successfully limited accumulation of 
GDCH in rice but also led to a reduction in the chloroplast area and coverage of cell wall in 
mesophyll cells, an anatomical difference typically associated with C4 photosynthesis (Lin et al., 
2016). Regulatory genes specific to C4 photosynthesis have been identified using genomic and 
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transcriptional sequence comparisons (Brutnell et al., 2010, Kajala et al., 2011). Although C3 and C4 
photosynthesis differ both biochemically and anatomically, interestingly, it was shown that modifying 
rice Rubisco to C4 kinetics, i.e. high kcat, can be achieved by SSU expression (Ishikawa et al., 2011). 
The introduction of sorghum rbcS to rice led to an elevated kcat compared to NT. Thus, conversion to 
partial C4 photosynthesis, being C4 Rubisco without other associated anatomical and biochemical 
changes, offers a potential alternative to plastid transformation for improving photosynthesis in 
monocots. However, in order to take advantage of increased CO2 concentration at the site of reaction, 
the full conversion of rice to C4 photosynthesis would most likely require the introduction of a C4 
Rubisco variant or reintroduction of an engineered C3 Rubisco variant. This would necessitate the use 
of plastid transformation technology. While developing understanding of the anatomical differences 
and genes involved is an important first step for converting rice to C4 photosynthesis, stable plastid 
transformation in monocotyledonous species such as rice, remains a barrier yet to be overcome. 
1.4.6 Directed protein evolution 
One approach that may overcome the issue of complementary chaperone proteins is directed protein 
evolution. Utilising a tool such as directed evolution, it may be possible to fine tune C3 crop plant 
native Rubisco or other Rubisco variants for photosynthetic improvement (Wilson et al., 2016). For 
example, protein evolution was undertaken using the archaeal Rubisco derived from Methancoccoides 
burtonii. The increased growth and photosynthesis for tobacco expressing evolved M. burtonii 
variants compared to tobacco expressing the native M. burtonii Rubisco, indicated the suitability of 
this approach for generating more ‘efficient’ Rubisco variants (Wilson et al., 2016). More recently, 
the development of a new Rubisco dependent E. coli (RDE2) screen allowed, for the first time, the 
identification of mutations to the LSU and SSU that improve cyanobacterial L8S8 carboxylation 
(Conlan and Whitney, 2018, Wilson et al., 2018). Combining this work with the research of Aigner et 
al. (2017), may allow for the development of RDE screens suitable for identifying the LSU and SSU 
mutations that confer improved carboxylation activity to higher plant L8S8 Rubiscos (Conlan and 
Whitney, 2018).  
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1.4.7 Comparison of varying approaches 
It is unlikely that one approach alone will achieve the significant increases in crop production required 
to meet future demand. As demonstrated recently, the introduction of cyanobacterial carboxysomes 
into a C3 plant required both Rubisco genes as well structural protein genes, thus the tobacco-rubrum 
master-line cmtrL was a useful tool for introducing the genes into the chloroplast genome of N. 
tabacum (Long et al., 2018, Whitney and Sharwood, 2008). Similarly, it is likely that for conversion 
from C3 to C4 rice will require introduction of a C4 Rubisco variant that can take advantage of the 
increased CO2 that would occur with successful introduction of C4 structural differences. The 
development of RDE screen for plant L8S8 would allow for identification of mutations for improving 
carboxylation, however, the incorporation of changes into plants would involve transformation of 
both nuclear and plastid genes. Thus, apart from nuclear transformation approaches such as reduction 
of photorespiration or overexpression of other CBB cycle enzymes, the replacement of Rubisco genes 
and therefore plastid transformation will be a requirement for genetic approaches for improving 
photosynthesis. Bioengineering more efficient Rubisco variants in crop plants may also involve 
investigating the parallel evolutionary linkages between the LSU, SSU and other molecular partners 
such as RAFII and BSDII to identify which chaperone proteins will improve recombinant Rubisco 
assembly (Whitney et al., 2015). 
1.5 Extension to other species 
Thus far, improvement of photosynthesis in crop plants has had little to no success, with the majority 
of research being proof of concept experiments mainly utilising N. tabacum as a model (Lin et al., 
2014, Whitney et al., 2009, Whitney and Sharwood, 2008, Zhang et al., 2011). Exploring all avenues, 
including the extension of proof of concept experiments to important crop species and ultimately to 
field trials, is critical for future food security (Kromdijk and Long, 2016, Sharwood, 2017a). The 
generation of a master-line expressing bacterially derived Form II Rubisco along with silenced SSU in 
a C3 crop species such as S. tuberosum or B. napus, would act as a stimulus towards extending the 
research capability for improvement of photosynthesis in crop plants. 
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1.5.1 Importance of Solanaceae tuberosum (potato) 
As a commercially significant C3 crop plant, with established plastid transformation protocols, S. 
tuberosum is a highly suitable candidate for use as a model crop plant. Of extreme commercial 
importance for the produce industry, S. tuberosum is grown in over 148 countries, with varying 
climates and soil types (Daniell et al., 2006, Srivastava et al., 2016). S. tuberosum is the largest non-
cereal crop grown globally, with production exceeded only by the cereals wheat, rice and maize 
(Figure 1.4) (Daniell et al., 2006, Srivastava et al., 2016, Valkov et al., 2014). The demonstration of 
rbcL replacement in S. tuberosum would provide evidence of feasibility of extending higher plant 
Rubisco research to other economically important species. 
 
 
Figure 1.4 The four highest produced food crops world production levels. Historical data from 1960-2014. 
Potato has remained a highly produced crop since the 1960s. (FAOSTAT, 2018). 
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1.5.2 Importance of Brassica napus (canola) 
Canola is the second largest oilseed crop in the world and is grown widely in temperate regions, 
producing approximately 30 % of global edible oils (Amar et al., 2008, Cheng et al., 2010). The 
majority of canola oil is produced by B. napus and to a lesser degree B. rapa. B. napus is an 
allotetraploid and belongs to the Brassicaceae family, the result of a spontaneous cross between B. 
rapa and B. oleracea (Warwick, 2011). It has been noted that B. napus has one of the extreme 
predictions for negative outcomes of climate change in southern Asia and has thus been identified as a 
priority for adaptation (Lobell et al., 2008).  
1.6 Project aims and questions 
This project involves a biotechnological approach to improving photosynthesis by replacing the gene 
for the large subunit of Rubisco in the plastid genome of plants. The target species are Solanum 
tuberosum (potato) and Brassica napus (canola). The primary aim is the demonstration of 
replacement of rbcL in the crop species S. tuberosum and B. napus with a bacterially derived form 2 
Rubisco gene in order to generate crop species master lines as a first step towards improved 
photosynthesis. This would be the first example in a food crop plant of the application of the process 
reported by Whitney et al. (2008), thus illustrating the viability of extending the research to other 
important crop species.  
Research questions include:  
• Can plastid transformation methods for S. tuberosum be used for gene replacement studies? 
• Can the gene for large subunit of Rubisco be replaced in one or more crop plants in the same 
manner as in the model species N. tabacum? 
• How is photosynthesis altered in these plants as a result of the replacement of the LSU? 
As homoplastic plants have yet to be achieved in plastid transformation experiments in B. napus, the 
secondary aim of the project is the development of a plastid transformation system using either 
biolistic bombardment of leaf mesophyll tissue or PEG-mediated uptake to leaf mesophyll protoplasts. 
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Successful demonstration would be of great importance to the wider plant biotechnology research 
community and further the knowledge base regarding extension and development of plastid 
transformation systems for other important crop species.  
Research questions include: 
• Can biolistics of leaf mesophyll tissue be modified for plastid transformation of B. napus? 
• Can PEG-mediated DNA uptake to B. napus protoplast be modified for plastid transformation 
of B. napus? 
• Can a plastid transformation method developed for B. napus be used for gene replacement 
studies? 
 
The third aim of the project is the overexpression of a chaperone protein such as BSDII, assisting in 
the correct folding and assembly of Rubisco holoenzyme. The RMIT Plant Biotechnology Laboratory 
has a transformation vector pGUSHYG that can be adapted for transformation of the nuclear genome 
in S. tuberosum and B. napus for overexpression of BSDII. Over expression of a S. tuberosum or B. 
napus gene homolog to BSDII identified in maize, and measurement of photosynthetic parameters, 
will further the knowledge base regarding the confirmation of the presence of a functional BSDII in p 
S. tuberosum and B. napus as well as the role of BSDII in assembly of Rubisco in S. tuberosum and B. 
napus.  
Research questions include: 
• Can a nuclear genome encoded chaperone gene such as BSDII be overexpressed in S. 
tuberosum and/or B. napus? 
• How is photosynthesis altered in plants overexpressing a chaperone protein? 
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Chapter 2 Materials and methods 
2.1 Plant material 
All plants were sub-cultured to fresh medium every 2-6 weeks unless stated otherwise. Sub-culturing 
was undertaken using proper aseptic technique in a laminar flow cabinet. 
2.1.1 Solanum tuberosum 
Non transformed (NT) S. tuberosum cv. Desiree (potato) plants were grown in vitro under controlled 
conditions (16 h light, 40 µmol m-2s-1) on MSB5 medium (Appendix 1). Seed potatoes (tubers) were 
sourced (Goodman seeds, Cert No. 16VIC762492) and allowed to generate shoots by storing in the 
dark at room temperature for up to 8 weeks. Shoots were gently removed from tubers and surface 
sterilised with 70 % ethanol (v/v) with gentle shaking for ≈ 2 min followed by immersion in 1:10 
dilution of 12.5 % sodium hypochlorite with gentle shaking for 5 min then washed three times in 
sterile water and allowed to air dry on sterile paper tissue. Shoots were transferred to 50 mL MSB5 
medium in sterile magenta tubs early in the project and 100 mL MSB5 medium in sterile 700 mL tubs 
for remainder of project (Appendix 1). In vitro shoots were subcultured as nodal cuttings to fresh 
medium every 3-8 weeks. To remove endogenous contaminant microorganisms from shoot cultures, 
shoots were transferred to medium containing ampicillin (100 mg/L) and timentin (200 mg/L) as well 
as plant preservative mixture (PPM) (2 mL/ 1 L medium)(Sigma) and subcultured every month for 
three months. 
2.1.2 Brassica napus 
NT B. napus cv. Westar (canola) plants were grown in vitro under controlled conditions (16 h light, 
40 µmol m-2s-1) on RS medium (Dovzhenko, 2001)(Appendix 1). Seeds were kindly provided by Prof 
Trevor Stevenson. In a laminar flow cabinet, seeds were surface sterilised with 1:10 dilution of  
12.5 % sodium hypochlorite with gentle shaking for 5 min, then washed three times in sterile water 
and allowed to air dry on sterile tissue prior to approximately10-20 seeds being placed in sterile 
Magenta™ vessels GA-7 (Sigma) or 375 mL glass jars with vented lids. Cotyledons attached to 1 cm 
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of stem were harvested at 5-8 d and either excised for transformation experiments or transferred to 
375 mL glass jars with vented lids containing 100 mL of RS medium (Appendix 1). In vitro shoots 
were subcultured as nodal cuttings to fresh medium every 4-6 weeks and discarded after a maximum 
of 4 subcultures. 
2.2 Transformation vectors 
Table 2.1 Transformation vectors utilised. Type indicates either chloroplast or nuclear transformation vector 
with (species) indicating if vector is species specific. 
Vector Type (species) Chapter Figure (Reference) 
pLEVPotRrAREV Chloroplast (Solanum tuberosum) 3 2.1 
pLEVCanRrAREV Chloroplast (Brassica napus) 4 2.2 
pLEVCanRrAFOR Chloroplast (Brassica napus) 4 2.2  
pZB1 Chloroplast (Brassicaceae) 5 2.3 (Nugent et al., 2006) 
pGUSHYG Nuclear 5 2.4 (Nugent et al., 2006) 
pNAV364 Nuclear (Brassica napus) 5 2.6 
pNAV366 Nuclear (Solanum tuberosum) 5 2.6 
 
2.2.1 S. tuberosum specific plastid transformation vector 
The previously constructed potato plastid transformation vector, pLEVPotRrAREV (Figure 2.1) was 
designed, constructed and sequenced by Assoc. Prof. Spencer Whitney (ANU) and received by the 
RMIT Plant Biotechnology Laboratory. In order to generate large amounts of plasmid DNA (pDNA), 
E. coli NEB5α was transformed with the plasmid as described (Section 2.2.5). Well isolated colony 
forming units were selected from transformation plates and used to inoculate 30 µL Luria-Bertani 
(LB) broths (Appendix 1) and allowed to incubate at room temperature for ≈ 5 min. A loopful of the 
inoculated broth was used for streak dilution onto LB agar (Appendix 1) with benzylpenicillin (PenG) 
(300 mg/L), with the remainder of 30 µL broth used to inoculate 5 mL LB broths with PenG (300 
mg/L). Streak dilution plates were incubated on the bench (18-21ᵒC) for 3-4 d then stored at 4ᵒC for 
up to 2 months. Broths were incubated at 21ᵒC at 220 rpm in a refrigerated incubator with orbital 
shaking (Thermoline Scientific) for 3-4 d then pDNA isolated using Wizard® Plus SV Minipreps 
DNA Purification System kit (Promega) following manufacturer’s instructions. Miniprep pDNA was 
screened by PCR to detect transgenes, and restriction digested using restriction enzymes (Section 
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2.6.2). A strain was selected and a well isolated CFU from the appropriate streak dilution plate was 
used to inoculate 250 mL LB broth and incubated for 5 mL broths. pDNA was isolated from 250 mL 
LB broths using either multiple minipreps (Promega) or midi/maxi pDNA isolation kits (QIAGEN) 
following manufacturer’s instructions. The strain was passed to the Plant Biotechnology Laboratory 
services for strain storage. The strain was also maintained by fresh streak dilution every 2-3 weeks, 
with plates incubated at room temperature for 3-4 d then stored at 4ᵒC.  
 
Figure 2.1 Representation of S. tuberosum plastome organisation following transformation with plasmid 
pLEVPotRrAREV, directing replacement of rbcL, excluding the first 42 bp of coding sequence, with codon 
modified rbcM derived from R. rubrum. Expression of rbcM is driven by the native S. tuberosum rbcL promoter 
(P) and terminated by psbA 3’ untranslated region (UTR) derived from S. tuberosum (T). Selection was 
provided by resistance to spectinomycin and streptomycin conferred by aminoglycoside 3 adenyltransferase 
(aadA) with expression driven by the 16S rDNA rrn promoter (p) and terminated by rps 3’ UTR (t). Two 34 bp 
loxP sites are present for an experiment to remove aadA using cre-recombinase. Black arrows: restriction sites; 
Red arrows: primer sites, with numbers above primer sites relating to numbered sequences in Table 2.2; Red 
triangles: loxP sites. Pink: native genes and homologous flanking regions; Blue: GOI and selectable marker 
genes; Double dashes: beginning and end of flanking regions; atpB: chloroplast ATP synthase subunit β; rbcL: 
Rubisco large subunit gene; accD: β-subunit acetyl-CoA carboxylase gene. 
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2.2.2 B. napus specific plastid transformation vector 
In order to design appropriate flanking regions for a species specific plastid transformation vector, 
published sequence data for chloroplast genomes of Nicotiana tabacum (Acc # Z00044.2), B. napus 
(Acc. 2.NC_016734.1) and Solanum tuberosum (Acc. NC_008096.2) as well as tobacco specific 
vector, pcmtrLA (Acc AY827488), were analysed using BLAST suite software (National Centre for 
Biotechnology Information (NCBI)) and VectorNTI software (ThermoFischer Scientific). The region 
of interest was located within the large single copy region and includes the coding sequences for atpB, 
rbcL and accD. Flanking sequences were validated by sequence alignments undertaken against 
published sequences for pcmtrLA, wild type tobacco and wild type B. napus. The flanking sequence 
data along with sequence for codon modified rbcM and gene for selection were utilised by GenScript 
for construction of pLEVCanRrAREV and pLEVCanRrAFOR which contains aadA expression 
cassette in the reverse orientation (Figure 2.2). 
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Figure 2.2 Representation of B. napus plastome organisation following transformation with plasmid 
pLEVCanRrAREV, directing replacement of rbcL, excluding the first 42 bp of coding sequence, with codon 
modified rbcM derived from R. rubrum. Expression of rbcM is driven by the native B. napus rbcL promoter (P) 
and terminated by psbA 3’ UTR derived from B. napus (T). Selection was provided by resistance to 
spectinomycin and streptomycin conferred by aminoglycoside 3 adenyltransferase (aadA) with expression 
driven by the 16S rDNA rrn promoter (p) and terminated by rps 3’ UTR (t). Two 34 bp loxP sites are present for 
an experiment to remove aadA using cre-recombinase. Black arrows: restriction sites; Red arrows: primer sites, 
with numbers above primer sites relating to numbered sequences in Table 2.2; Red triangles: loxP sites. Orange: 
native genes and homologous flanking regions; Blue: GOI and selectable marker genes; Double dashes: 
beginning and end of flanking regions; atpB: chloroplast ATP synthase subunit β; rbcL: Rubisco large subunit 
gene; accD: β-subunit acetyl-CoA carboxylase gene. 
  
 
 
50 
 
2.2.3 Brassicaceae specific transformation vector 
Validation of the biolistic transformation and regeneration protocols was undertaken using the vector 
pZB1 (Figure 2.3), kindly provided by Dr. Gregory Nugent, a Brassicaceae specific plastid 
transformation vector directing the integration of the selectable marker gene, aadA, to the rbcL-accD 
region of the Brassicaceae chloroplast genome. 
 
Figure 2.3 Schematic of the Brassica plastid transformation vector pZB1, directing integration of 
aminoglycoside 3 adenyltransferase (aadA) between native chloroplast genes accD and rbcL. Expression of 
aadA is driven by the 16S rDNA rrn promoter (Prrn) and terminated by psbA 3’ UTR (psbA3’). Selection was 
provided by resistance to spectinomycin and streptomycin conferred by aadA (Nugent et al., 2006). Red arrows: 
multiple cloning sites; Black arrows: EcoRI restriction sites; accD: β-subunit acetyl-CoA carboxylase gene; 
rbcL: Rubisco large subunit gene.  
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2.2.4 Nuclear transformation vectors for overexpression of BSDII 
In order to overexpress the Rubisco chaperone protein, BSDII, nuclear expression vectors were 
designed utilising pUC vectors kindly donated by Assoc. Prof. Spencer Whitney that contained B. 
napus or S. tuberosum specific BSDII sequence (Appendix 4) and a vector provided by Professor 
Tony Kavanagh, pGUSHYG (Figure 2.4). E. coli expressed protein for use as a protein standard was 
also received from Assoc. Prof. Spencer Whitney.  
New pUCBSDII vectors were designed (Figure 2.5), then synthesised by GenScript. The hygromycin 
expression cassette was excised from pGUSHYG using restriction enzyme HindIII followed by gel 
isolation. The synthesised pUCBSDII vectors were linearised using restriction enzyme HindIII. The 
linearised vector and hygromycin expression cassette were ligated with T4 ligase and E. coli was 
transformed as described, initially yielding the vectors pStBSDIIHYG and pBnBSDIIHYG. 
Orientation of the hygromycin expression cassette was determined by PCR (Section 2.6.2), and single 
inserts identified by restriction digest with specific restriction enzymes as described (Section 
2.6.1.2).finally yielding the S. tuberosum specific vector, pNAV366 and B. napus specific vector, 
pNAV364 (Figure 2.6).  
 
 
Figure 2.4 Genetic map of pGUSHYG expression cassettes. The hygromycin phosphotransferase (hpt) gene 
was of interest as a plant selectable marker gene, conferring resistance to hygromycin. Pnos) nopaline synthase 
gene promoter; Term) terminator. (Nugent et al., 2006). Yellow boxes indicate restriction sites used. 
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B  
 
C 
 
D 
 
Figure 2.5 Schematic maps for the design of nuclear transformation vectors. A & B) genetic map of plant 
expression cassettes, designed using Vector NTI software and TP-BSDII gene sequences provided by Assoc. 
Prof Whitney (Appendix 4). Expression of BSDII was driven by cauliflower mosaic virus 35S promoter (CaMV 
35S) and terminated by nopaline synthase gene terminator (nos). C & D) genetic map of pUC57-Kan and 
pUC57 with the bacterial selectable marker gene conferring resistance to either kanamycin or ampicillin 
respectively (Genscript). 
 
  
B. napus BSDII expression cassette 
(1634 bp) 
S. tuberosum BSDII expression cassette 
(1625 bp) 
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Figure 2.6 Genetic map of nuclear transformation vectors for overexpression of BSDII, pNAV364 and 
pNAV366. The design for both S. tuberosum and B. napus specific vectors was essentially the same, differing in 
the BSDII sequences being specific to each species. Expression of BSDII was driven by cauliflower mosaic 
virus 35S promoter (CaMV 35S) and terminated by nopaline synthase gene terminator (nos). Pnos) nopaline 
synthase gene promoter; Term) terminator; Red arrows) primer sites, with numbers above primer sites relating 
to numbered sequences in Table 2.2. Primers specific to TP-BSDII are numbered with both S. tuberosum and B. 
napus specific primers. Black arrows) restriction sites. 
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2.2.5 pDNA isolation 
In order to generate large amounts of plasmid DNA (pDNA), E. coli DH5α or E. coli NEβ was 
transformed with pDNA using either chemo-competent cells or electro-competent cells. Well isolated 
colony forming units (CFU) were selected from transformation plates and used to inoculate 30 µL LB 
broths (Appendix 1) and allowed to incubate at room temperature for ≈ 5 m. A loopful of inoculated 
broths was used for streak dilution onto LB agar (Appendix 1) with appropriate antibiotic (dependent 
upon selection in E. coli), with the remainder of 30 µL broths used to inoculate 5 mL LB broths with 
an appropriate antibiotic. Streak dilutions plates were incubated on the bench (18-21ᵒC) for 3-4 d or 
overnight at 37°C then stored at 4ᵒC for up to 2 months. Broths were incubated at either 21ᵒC at 220 
rpm for 3-4 d or 37°C at 220 rpm overnight. pDNA was isolated using Wizard® Plus SV Minipreps 
DNA Purification System kit (Promega) following manufacturer’s instructions. Miniprep pDNA was 
screened by PCR to detect transgenes using appropriate primers (Table 2.2), and restriction digested 
using restriction enzymes as described (Section 2.6.1.2). A strain was selected and a well isolated 
CFU from the appropriate streak dilution plate was used to inoculate 250 mL LB broth with an 
appropriate antibiotic and incubated either overnight at 37ᵒC, 220 rpm or for 3-4 days at 21ᵒC, 220 
rpm. Broth cultures were centrifuged at 6000 g to pellet cells and pellets were either stored at –20˚C 
or pDNA isolated immediately. pDNA was isolated from 250 mL LB broths using either multiple 
minipreps (Promega) or midi/maxi pDNA isolation kits (QIAGEN) following the manufacturer’s 
instructions with final elution in Tris-EDTA (TE) buffer. The strains were passed to the plant 
biotechnology laboratory services for strain storage. The strains were also maintained by fresh streak 
dilution every 2-3 weeks, with plates incubated at room temperature for 3-4 d then stored at 4ᵒC. 
pDNA was quantified as described for gDNA (Section 2.6.1).  
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2.3 Primers  
All primers used for PCR and sequencing were as described (Table 2.2).  
Table 2.2 Primer sequences used for plasmid and gDNA PCR experiments and gene sequencing. Numbering on 
LHS related to numbered red arrows in Figures 2.1-2.4.  
 Gene target (Species) Primer name Sequence (5'-3') Orientation 
1 IR (t, p, c) LsH CTATGGAATTCGAACCTGAACTT +/+ 
2 rbcL promoter (t, p) LsD CACGGAATTCGTGTCGAGTAG +/+ 
3 rbcL 3’ UTR (t, p) LsE GAGGTGTGATACTTGGCTTGATTC +/- 
4 rbcM (p, c) rbcMCanR TACACCATCACGCCATGCTT +/- 
5 rbcM ( p, c) rbcMCanF TGTCATGCGTTTTGGCTTGG +/+ 
6 IR (p, c) CanRrIGaadAF TGGATAAGAGGCTCGTGGGA +/+ 
7 IR (p, c) CanRrIGaadAR TCGCCTTTCACGTAGTGGAC +/- 
8 aadA aadAFOR1 GCCGACTACCTTAGTGATCTCG +/- 
9 aadA aadAFOR3 GGTGATCGCCGAAGTATCGAC +/+ 
10 rbcL (t, p, c) RTrbcLF AACAAGATCGAAGTCGCGGT +/+ 
11 rbcL (t, p, c) RTrbcLR GCTAGTTCCGGGCTCCATTT +/- 
12 accD (c, p) accDCanF ATGGGATCCGTAGTAGGCGA +/+ 
13 accD (c, p) accDCanR GCTTGTGAACCTTCAGGCAC +/- 
14 atpB within LF (c) LFCanRrF ACGTATTGAAACCGCTGGGT +/+ 
15 atpB within LF (c) LFCanRrR TGCATATTCGCTTGGGTGGT +/- 
16 atpB (c) atpBCanF CGTAGCCTTCGCAGTAGCTT +/+ 
17 atpB (c) atpBCanR ATCGCTTAACCGTCGCAAGA +/- 
18 BSDII (c) CanBSD2F TGGCGATAAGAAGTTGGCCC +/+ 
19 BSDII (c) CanBSD2R CTCCTTCTTTCCACGGCACA +/- 
20 BSDII (p) PotBSD2F GCCGGACGTAAGATCCAACT +/+ 
21 BSDII (p) PotBSD2R CGGCCTTGAAACGTCCATTG +/- 
22 hpt Hyg For AGCTGCGCCGATGGTTTCTACAA +/+ 
23 hpt Hyg Rev ATCGCCTCGCTCCAGTCAATG +/- 
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2.4 Plastid transformation and regeneration 
2.4.1 Preparation for biolistics 
Gold (Au) particles were prepared as previously described (Svab and Maliga, 1993) with some 
modifications. For every 20 bombardments, 7 mg of Au particles (0.6 nm) for a final concentration 
after sterilising of 35 mg/mL, were weighed and mixed by vortexing for 2 min with molecular grade 
100% ethanol, then incubated on ice for 15 min followed by centrifugation at  
10,000 g for 10 min. Supernatant was discarded and Au pellets washed four times with sterile  
Milli-Q® water by gentle shaking to mix, incubation in ice for 2 min then centrifugation at 3000 g, 
with pellet suspended in 200 µL of sterile Milli-Q® water after the final wash. 
To bind pDNA to Au particles, 50 µL aliquots of Au particles (35 mg/mL) were added to sterile 1.5 
mL eppendorf tubes then 10 µL of pDNA (1 µg/µL) was added to each aliquot and mixed gently. A 
total of 50 µL of 2.5 M CaCl2 and 20 µL spermidine were added to the lid of tubes then closed and 
inverted to mix. Tubes were vortexed gently for 5-20 min, settled on ice for 3 min, then 200 µL 
100% ethanol was added and centrifuged at 3000 g for 1 min with the supernatant discarded. The 
pellets were washed with 200 µL of 70% ethanol, then washed with 100% ethanol and finally 
resuspended in 30 µL 100% ethanol and stored on ice until use. Storage after binding of DNA was for 
up to 3 hours. Prior to bombarding, 6 µL of pDNA coated Au particles were aliquoted to the centre of 
sterile macrocarriers that had already been placed into macrocarrier holders. 
2.4.2 Biolistics  
2.4.2.1 Biolistics and regeneration for generation of S. tuberosum plastid 
transformants 
Fully expanded young leaves from 4 week old shoot cultures were aseptically excised and placed in a 
3 cm diameter disc, abaxial side up, in the centre of a 9 cm petri dish with StM1 medium (Appendix 
1). Petri dishes were sealed, labelled and incubated in the dark at 25°C for 24-48 h. Biolistic 
bombardment was undertaken as previously described (Svab et al., 1990). In brief, after incubation in 
the dark, leaf explants were bombarded with 0.6 µm gold particles coated with plasmid DNA using 
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PDS 1000/He Biolistic Genegun (Bio-Rad, Hercules, CA, USA), 27 Hg, 1,100 psi rupture disks and 
tissue at a target distance of 6 cm. Following biolistics, explants were incubated in the dark at 25°C 
for 2-3 d.  
2.4.2.2 Regeneration of plantlets 
All tissue was cut into ≤ 3 mm2 pieces and transferred to medium StM2 (Appendix 1). After 1 month, 
tissue was transferred to StM3 medium (Appendix 1) for callus induction and shoot regeneration. 
Tissue was subcultured to fresh StM3 medium every 4 weeks until green shoots appeared. Shoots 
were transferred to StM4 for elongation (Appendix 1). Green shoots were transferred to StBasal 
medium (Appendix 1) without plant growth regulators for root development. Shoot cultures were 
maintained by subculture to fresh medium every 4-6 weeks. To reduce the incidence of spontaneous 
spectinomycin resistant mutations, shoot cultures were transferred to StBasal medium with 
streptomycin (400 mg/L) replacing spectinomycin for 4-8 weeks growth before returning to previous 
shoot culture maintenance.  
Two transformed lines as in vitro shoot cultures alongside WT shoot cultures, were transferred to the 
Whitney laboratory at the ARC Centre of Excellence for Translational Photosynthesis (ANU) and 
initially grown in air for 2 weeks before transfer to enhanced [CO2] of 2 % for further growth. Clones 
were also transferred to soil and grown under enhanced [CO2] of 1.5%.  
2.4.2.3 Biolistics and regeneration for generation of B. napus plastid transformants 
Either fully expanded young leaves from 3- 4 week old shoot cultures or 5-8 d old cotyledons were 
aseptically excised and placed in a 3 cm diameter disc, abaxial side up in the centre of a 9 cm petri 
dish with leaf or cotyledon pre–bombardment media respectively (Appendix 1). Petri dishes were 
sealed, labelled and incubated in the dark at 25°C for 24-48 h. Biolistic bombardment was undertaken 
as previously described (Svab et al., 1990). In brief, after incubation in the dark, explants were 
bombarded with 0.6 µm gold particles coated with plasmid DNA using PDS 1000/He Biolistic 
Genegun (Bio-Rad, Hercules, CA, USA), 27 Hg, 1,100 psi rupture disks and tissue at a target distance 
of 6 cm. Bombarded explants were incubated in the dark at 25°C for 2-3 d. All tissue was cut into ≤ 3 
mm2 pieces and transferred to callus induction medium (Appendix 1) supplemented with 30 mg/L 
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spectinomycin. Leaf explant tissue was maintained on callus induction medium for 2 weeks to 3 
months before subculture to shoot induction medium with cotyledon explant tissue transferred from 
callus induction to shoot induction medium after 4 weeks (Appendix 1) supplemented with 30 mg/L 
spectinomycin. All plant material was subcultured to fresh medium every 4-6 weeks. The pH of all 
media was adjusted to 5.8 before autoclaving. 
2.4.3 PEG-mediated DNA uptake to B. napus protoplasts 
PEG-mediated DNA uptake to transform protoplasts was utilised for generation of transgenic 
(transplastomic and transgenic) B. napus, as previously described with some modifications (Nugent et 
al. 2006). 
2.4.3.1 Protoplast isolation 
Isolation of protoplasts was undertaken by finely slicing young fully expanded leaves and for early 
trials, incubating in pre-plasmolysis medium, (PG medium) (Appendix 1) for 2 h in the dark at 4°C. 
For later experiments, the pre-plasmolysis step was removed. Tissue was transferred to 250 mL flasks 
containing B-enzyme (Appendix 1) and incubated for 12-16 h on a rotary shaker at 40-60 rpm, 25°C 
in the dark. The suspensions were filtered through autoclaved 73 µM mesh filter system (Sigma) into 
sterile petri dishes. Wide mouth pipettes were used to transfer suspensions to 12 mL Greiner tubes and 
≈ 2.5 mL CPW16S (Appendix 1) was added to each and mixed well. 1 mL of W5 (Appendix 1) was 
carefully overlaid with a sharp line between CPW16S and W5. Tubes were centrifuged for 8 min at 
70 g. Protoplasts were collected from the interphase, using 1 mL eppendorf micropipette with the end 
of the tips cut on the bias using a hot scalpel blade, then resuspended in ≈ 10 mL W5. Tubes were 
centrifuged for 5 min at 60 g and supernatant discarded. Pellets were washed by repeating the wash 
steps with W5. Pellets were then resuspended in W5 or B medium (Appendix 1) and the yield 
determined.  
2.4.3.2 Determination of yield and viability of protoplasts 
Yield (i.e. protoplast concentration) was determined by protoplast counting in Improved Neubauer 
Haemocytometer. Protoplasts were diluted with MgMann or B-medium as appropriate and the 
suspension added to the haemocytometer. Protoplasts were counted using the four outer squares, each 
 
 
59 
 
covered a volume of 10-4 mL. Counts were considered valid if between 10 and 100 cells per square. If 
the protoplast count was less or more than 10-100 cells, then the haemocytometer was cleaned out and 
a different dilution of protoplasts was used for counting. The dilution used and the separate counts 
were recorded and concentration finally determined using the average of all counts and the following 
formula: The number of protoplasts/mL = Average number of cells per mm2 x 104 x sample dilution. 
Viability was determined by the addition of fluorescein diacetate (FDA) stock solution (7.2 mM) 
(Appendix 1) for a final concentration of 36 µM and incubated for 10 minutes before being inspected 
by microscope. All visible cells in the field of view were counted under bright light microscope then 
switched to UV and cells recounted. A minimum of three counts were made and the mean calculated. 
Percentage of viable cells was determined by  𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝒗𝒗𝒇𝒇𝒇𝒇𝒇𝒇𝒊𝒊𝒇𝒇𝒇𝒇 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇  × 𝟏𝟏𝟏𝟏𝟏𝟏.  
2.4.3.3 Protoplast culture 
For the culture of protoplasts, cells were diluted to a concentration of 1 x 105 protoplasts /mL with B 
medium. 2x B-agarose (Appendix 1) and protoplast suspension was mixed 1:1 and 4 mL were poured 
into 6 cm TC-petri dishes (Greiner, cat # 628160) and allowed to set, resulting in a final plating 
concentration of 5 x 104. Agarose discs were cut into four segments, then segments were transferred 
using a spatula to 9 cm TC-petri dishes with 8 mL liquid B medium. Plates were labelled, sealed and 
incubated in the dark at 25°C. After 10 d, protoplast division frequency was scored then 4 mL liquid 
medium was removed and replaced with 4 mL C medium (Appendix 1). After 20 d, 4 mL medium 
was removed and replaced with 4 mL D medium (Appendix 1). When microcalli were 1-2 mm in size, 
they were transferred to solid E medium (Appendix 1) and cultured under cheese cloth at 25°C. After 
two weeks, cheese cloth was removed and cultures grown under full light (16 h light, 40 µmol m-2s-1). 
Calli were transferred to fresh E medium (Appendix 1) in deep petri dishes (Greiner, cat # 664161) 
every 4 weeks. If calli regenerated small plantlets, they were transferred to F medium (Appendix 1) 
for shoot outgrowth, with plants transferred to fresh medium every 4 weeks.  
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2.4.3.4 Protoplast transformation 
After isolation of protoplasts (Section 2.4.3.1), pellets were resuspended in MgMann (Appendix1). 
Protoplasts were counted as described (Section 2.4.3.2) and diluted to 1 x 106 protoplasts/ mL. For 
plastid transformation, 100 µg of plasmid DNA (with pDNA concentration at least 2 µg/µL) was 
added to the protoplasts and mixed then 1x volume of 40 % polyethylene glycol (PEG) was added 
dropwise. The suspensions were mixed vigorously then incubated at room temperature for 10-15 
minutes. 2 mL of W5 was added dropwise and incubated for 2-3 minutes, then the volume was 
brought up to 10 mL with W5. Tubes were centrifuged at 600 rpm, for 5-8 min, then the pellet was 
resuspended to a concentration of 1 x 105 protoplasts/ mL B medium. The protoplast suspension was 
then mixed 1:1 with 2x B-agarose and plated as described (2.2.3). A control treatment of PEG alone 
without plasmid was also prepared. 
2.5 Nuclear transformation and regeneration 
2.5.1 Biolistics and regeneration for generation of S. tuberosum nuclear 
transformants 
Biolistic bombardment for nuclear transformation was undertaken as described (Section 2.4.2.2). In 
brief, 2-8 leaves were excised from in vitro shoot cultures and placed in a 2.5 cm diameter disc in the 
centre of a 9 cm petri dish with pre-bombardment medium (Appendix 1) and placed in the dark for  
24 h at 25ᵒ C 
2.5.2 PEG-mediated uptake to B. napus protoplasts 
PEG-mediated DNA uptake to protoplasts was undertaken as described (Section 2.4.3). In brief, 
protoplast isolation was undertaken with yield and viability determined (Section 2.4.3.1 & 2.4.3.2). 
Isolated protoplasts were incubated with pDNA and 40% PEG, molecular weight 3600 – 4500 (Ajax 
FineChem) added drop wise. For nuclear transformation, 60 µg plasmid DNA per mL of protoplasts 
were added. Protoplasts were embedded in semi-solid B medium then the medium was cut into 
segments and suspended in liquid B medium. Medium was refreshed every 10 d, with 4 mL medium 
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removed and replaced with 4 mL C medium at 10 d and 4 mL D medium at 20 d. For selection of 
transformed cells, kanamycin (15 mg/L) was added at 10 and 20 d. After approximately 30 d 
microcalli were visible and transferred to solid E medium supplemented with kanamycin (15 mg/L), 
20-25 microcalli/petri dish. Tissue was transferred to fresh solid E-medium every 4-6 weeks. 
2.6 Molecular characterisation 
2.6.1 Crude genomic DNA (gDNA) isolation 
Crude gDNA was isolated using a modified Frey method (Dilworth & Frey 2000). In brief, 30-300 
mg callus or leaf tissue was aseptically excised and ground in 2x weight in volume of Frey’s 
extraction buffer (Appendix 1). Samples were heated to 85˚C for 5 min then chilled on ice for 5 min. 
Heating and chilling of samples was repeated twice, followed by brief vortexing. Leaf debris was 
pelleted by centrifugation at 13,000 g for 10 min. The supernatant was transferred to a sterile tube 
with one tenth the volume of 3M NaOAc added followed by two and half times volume of chilled 
absolute ethanol and mixed by inverting. Samples were stored at -20˚C for a minimum of 30 min to 
overnight for precipitation of DNA, centrifuged at 13,000 g for 10 min and the supernatant discarded. 
Pellets were washed in 70 % ethanol and then spun briefly and air dried. DNA was resuspended in 0.1 
x TE and stored at 4˚C. 
2.6.1.1 Characterisation of isolated DNA 
The concentration and purity of isolated DNA was determined by analysis of samples using BMG 
Labtech POLARstar Omega multi-detection microplate reader following manufacturer’s instructions. 
Briefly, 2 µL replicate samples were loaded onto the microplate. The microplate was then placed in a 
spectrophotometer (Omega) and Omega software was used to determine sample concentrations and 
the ratio of absorbance at 260/280 as an indication of purity. All replicate results were averaged using 
Excel. The quality and quantity of gDNA was further confirmed using gel electrophoresis (Section 
2.8). 
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2.6.1.2 Restriction digestion of DNA 
DNA was further characterised by restriction digestion using restriction enzymes for specific 
restriction sites within DNA as appropriate. Restriction digestion of DNA was undertaken as 
described by manufacturers (New England Biolabs). Typically, on ice, 0.5 µL of restriction enzyme 
and 2 µL of 10x restriction buffer were added to 1.5 mL Eppendorf tube and brought up to 20 µL total 
volume with gDNA and nuclease free water. Digestions were incubated at 37ºC overnight. 
2.6.2 Polymerase chain reaction (PCR) to detect transgenes 
For the determination of the presence of transgenes in pDNA and putative transformants gDNA, 
PCR’s were undertaken using either a Thermal Cycler 2720 (Applied Biosystems) or G-STORM GS1 
thermal cycler. Appropriate primer pairs (Section 2.3) for the gene of interest were selected and 
validated, with PCR conditions optimised for both the gene of interest and primer pair used. PCR 
products were separated using gel electrophoresis (Section 2.6.3). 
2.6.3 Gel electrophoresis 
1% (w/v) molten agarose stained with 0.005% (v/v) ethidium bromide solution was poured into a 
casting tray and allowed to set (Bio-Rad Mini Sub Cell GT, Mini-Wide Sub-Cell GT or SUB Cell GT 
as appropriate). In general, 2 µL of genomic or plasmid DNA or 25 µL PCR products were loaded 
with 6x loading Buffer Purple (Bioline) into agarose wells. A molecular marker, typically 5 µL 
Hyperladder 1 (Bioline), was used in order to estimate the size of DNA fragments in kilo base pairs 
(kb). Agarose gels were electrophoresed in 1x Tris-borate-ethylenediaminetetra-actic acid (EDTA) 
(TBE) buffer (Appendix 1) at 100 V for approximately 40 to 60 min (Bio-Rad PowerPac). Agarose 
gels were viewed using the UV illuminator (Bio-Rad) (Bio-Rad Molecular ImagerGel Doc XR 
System). 
2.6.4 Total soluble protein (TSP) extraction 
2.6.4.1 TSP extraction for Sodium dodecyl sulphate (SDS)-polyacrylamide gel 
electrophoresis (PAGE) 
In a laminar flow hood, using aseptic techniques, 50-100 mg of leaf tissue was excised from the top 
two internodes of sample plants and placed in either sterile 12 mL polypropylene centrifuge tubes or 
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1.5 mL eppendorf tubes on ice. Tissue was snap frozen with liquid nitrogen and ground in tubes using 
Konte pestles. Approximately twice the weight in volume (µL) of 50 mM NaOAc was added to 
frozen tissue samples and further ground until defrosted. To separate the soluble fraction from non-
soluble fraction, samples were centrifuged at 20 000 g for 5-10 min. The supernatant was then 
transferred to a clean labelled eppendorf tube and aliquots of supernatant were assayed relative to 
bovine serum albumin (BSA) (Section 2.6.4) and stored at 4˚C. 
2.6.4.2 TSP extraction for non-denaturing (nd)-PAGE 
Alternatively, in order to extract non-denatured TSP, sample tissue was frozen with liquid nitrogen 
then mechanically sheared using Konte pestle and 1.5 mL eppendorf tube or sterile mortar and pestle 
not allowing tissue to defrost. Twice the weight in volume (µL) ice cold non-denaturing extraction 
buffer (Appendix 1) was added to tissue samples and grinding continued until the tissue defrosted. To 
separate the soluble fraction from the non-soluble fraction, samples were centrifuged at 20, 000 g for 
5-10 min. Aliquots of supernatant were assayed relative to BSA (Section 2.6.4) and stored at 4˚C. 
2.6.4.3 TSP extraction from soil grown plants 
After gas exchange measurements (Section 2.7.1), leaf discs were isolated from the opposite side of 
the same leaves measured and TSP extracted in 0.5-1 Ml of ice-cold extraction buffer (Appendix 1) 
using a Wheaton glass homogeniser. The lysate was centrifuged at 35, 000 g for 10 min at 4°C. 
Aliquots of supernatant were assayed relative to BSA (Section 2.6.4) and extracts stored at 4°C. 
2.6.5 Determination of TSP concentration 
TSP concentration in plant extracts was estimated by the Bradford method (Bradford, 1976). BSA 
(Bio-Rad Laboratories Inc.) protein was used as the protein standard. BSA standards in the range of 0 
to 20 µg were added to a 96 well microtitre plate. Sample wells typically contained 5 µL sample TSP 
and 15 µL MQ water. All wells had 200 µL dye binding reagent added and the microtitre plates were 
incubated for five min. Absorbance was then read at 595 nm. Microsoft Excel 2010 was used to 
calculate a BSA standard curve and determine TSP concentrations (µg/µL) for each sample. 
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2.6.6 Separation of TSP by PAGE 
2.6.6.1 SDS-PAGE 
TSP extracts were separated using PAGE. For separating denatured protein, loading dye solution (LD) 
was prepared by adding 4x loading dye to 0.1 M dithiothreitol (DTT). Purified protein standards, 
where available, were used as positive controls with wild type plant TSP extracts used as negative 
controls. 5-10 µg of control and sample TSP extracts were mixed with LD, heated for 5 min at 95˚C 
then loaded into wells. A molecular marker was used, typically Hyperpage pre-stained protein marker 
(BioLine), in order to estimate the size of proteins in kilo Daltons (kDa). NuPAGE™ Bis/Tris precast 
gels (C.B.S. Scientific Company Inc.) were used as per manufacturer’s instructions and placed into 
DCX-700 gel tank (CBS Scientific). Sample extracts, controls and molecular marker were loaded into 
wells and an electrical current (180 V/ 110 mA per gel) was applied for approximately 1 h using a 
Bio-Rad Model 500/ 200 Power Supply. Gels were either stained with Coomassie blue (Appendix 1) 
for visualising separated TSP (Section 2.6.6) or a western blot was undertaken (Section 2.6.7). 
2.6.6.2 nd-PAGE  
nd PAGE was undertaken using 5-10 µg TSP combined with 2x sample buffer (Invitrogen) then 
added to Novex 4-12% Tris-Glycine gels (Invitrogen) in 60 mM TRIS, 191 mM glycine buffer. 
Samples were loaded into wells then allowed to run for 4-16 h at 100 volts and 4ᵒC. Gels were either 
stained with Coomassie blue (Appendix 1) for visualising separated TSP (Section 2.6.6) or western 
blot was undertaken (Section 2.6.7). 
2.6.7 Visualisation of separated TSP by Coomassie blue stain 
Both SDS-PAGE and nd-PAGE gels were stained by immersion in Coomassie blue (Appendix 1) and 
incubated for 30-60 mins on a rotary shaker. Solution was removed and gels immersed in de-stain 
solution (40% methanol, 10% glacial acetic acid) for up to 2 d with de-stain solution changed 
regularly, until separated protein bands were visible.  
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2.6.8 Western blot to determine protein presence and amount 
TSP were separated by SDS-PAGE as described (Section 2.6.5.2), blotted onto nitrocellulose and 
probed with polyclonal antiserum raised in rabbits to N. tabacum Rubisco. TSP were separated by nd-
PAGE as described (Section 2.6.5.3), blotted onto nitrocellulose and probed with polyclonal 
antiserum raised in rabbits to N. tabacum Rubisco or R. rubrum Rubisco. Immunoreactive bands were 
visualised using AttoPhos (Promega) as described previously (Whitney and Andrews, 2001). 
2.7 Photosynthetic parameters 
Two in vitro potato-rubrum plastid transformed lines alongside a NT line were transferred to the ANU 
for growth in soil under enhanced atmospheric CO2 (2%). Gas exchange measurements were 
undertaken (Section 2.7.1) and Rubisco content of soil grown plants was determined (Section 2.7.2). 
Both potato-rubrum lines and NT were also maintained as in vitro shoot cultures under enhanced 
atmospheric CO2 (1.5%). 
2.7.1 Gas exchange 
2.7.1.1 Optimisation of plant conditions 
Plants were transferred from growth chambers and left overnight in the dark at room temperature in 
normal atmospheric conditions. Leaf gas exchange was undertaken using LI-6400 Portable 
Photosynthesis System (LI-COR, Lincoln, Nebraska, USA) and young fully expanded leaves, midway 
down the plant canopy. Initially, conditions in the leaf chamber were set at 110 µmol photons m-2s-1 
illumination and 400 ppm CO2 and left for ≈ 30 min prior to measurement of leaf CO2 assimilation 
rate (A) over changes in intercellular CO2 concentration (Ci). 
2.7.1.2 A-Ci response curves 
For measurements of A, leaf illumination was 1500 µmol photons m-2 s-1 and leaf temperature was 
25ºC. 
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2.7.2 Rubisco content analysis 
Rubisco content as a percentage of TSP was determined by [14C]carboxypentitol-P2 (CABP) binding 
as described (Whitney and Andrews, 2001). In brief, CABP chromatography columns (Bio-Rad Low 
Pressure columns, I.D. 0.7 cm, height 30 cm) were equilibrated. NaHCO3 and MgCl2 were added to 
TSP extracts for pre-activation of Rubisco catalytic sites then [14C]-CABP was added. The samples 
were carefully loaded onto the equilibrated columns, followed by 200 µL column buffer. Further 
aliquots of buffer (750 µL) were added then fractions (0.3 mL) collected, and scintillant (Ultima-Flo 
Gold, Packard) added and briefly vortexed. Sample radioactivity was measured using the tri-carb 
2800 TR Liquid Scintillation Analyzer (Perkin Elmer). 
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Chapter 3 Plastid transformation of 
Solanum tuberosum v Desiree for 
rbcL replacement 
3.1 Introduction 
In order to move from ‘proof of concept’ research in the model species Nicotiana tabacum (tobacco) 
through to real world crop yield increase, it is imperative that research regarding increasing crop 
yields via improvement of photosynthesis is demonstrated as also being feasible in major crop 
species. Tobacco belongs to the Solanaceae family alongside the crop plants Solanum tuberosum 
(potato), Solanum lycopersicum (tomato) and Solanum melongena (eggplant).  
3.1.1 rbcL replacement in tobacco 
As discussed in chapter 1, the generation of a tobacco-rubrum master line where rbcL was replaced 
with rbcM derived from the photosynthetic bacterium R. rubrum, provided a research tool useful for 
further Rubisco gene replacement experiments (Whitney and Sharwood, 2008). The demonstration of 
rbcL replacement in one or more crop plants would provide evidence of the feasibility of extending 
research to other economically important species. However, Rubisco LSU is expressed from rbcL 
contained within the chloroplast (plastid) genome, thus plastid transformation is a requirement for 
Rubisco replacement.  
3.1.2 Plastid transformation technology 
Plastids are considered to have resulted from an endosymbiotic event and are cyanobacterial in origin 
(Dyall et al., 2004). The circular plastid genome (120-220 kb) is highly polyploid, and contains 120-
130 genes (Bock, 2014, Dyall et al., 2004) and the DNA replication, gene expression and protein 
translation machinery resemble those of prokaryotes (Dyall et al., 2004). The genetic transformation 
of plastids has a number of advantages compared to plant nuclear transformation (Altpeter et al., 
2005). One of the most attractive advantages, particularly for the production of biopharmaceuticals 
and industrial enzymes, is the potential for very high recombinant protein expression levels, due plant 
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cell high copy number of plastids, leading to gene amplification (Maliga, 2004). The prokaryotic 
origins of the plastid genome allows a single transformation event for the expression of multiple 
genes, i.e. multigene stacking (Staub and Maliga, 1995). In the majority of angiosperms plastids are 
maternally inherited, thus introduced genes are not dispersed via pollen (Ruf et al., 2007). As plastids 
are derived from a prokaryotic system, epigenetic factors such as gene silencing are not present to 
interfere with gene expression (Daniell et al., 2006). Further, in plastids, the precise location of 
integration is known as introduced genes are integrated via homologous recombination, thus 
eliminating the gene position effects often observed for nuclear transformation (Daniell et al., 2006). 
As discussed in Chapter 1, the main disadvantage of plastid transformation technology is that in over 
quarter of a century of research in the area there has been limited progress in the generation of stable, 
homoplasmic monocotyledonous (monocot) species. The vast majority of important crop species such 
as rice, maize and wheat are monocots. Until overcome, the inability to stably transform the plastid 
genome of monocots will limit the genetic approaches available for improvement of photosynthesis in 
these species. Although the vast majority of commercially significant crop plants are monocots, there 
are commercially important dicot crop species, including potato, that utilise C3 photosynthesis and 
thus are suitable for genetic engineering or modification of the plastid genome.  
Typically, plastid transformation has been undertaken utilising direct DNA uptake methods such as 
biolistic particle bombardment and PEG-mediated DNA transfer (Nugent et al., 2006, Svab et al., 
1990, Svab and Maliga, 1993). Protocols for the transformation of tobacco by biolistic bombardment 
are well established and comparatively quick and easy to follow, with protocols being developed for a 
number of other species. However, biolistic bombardment involves the use of costly equipment and 
materials that are under patent (Bio-Rad, Hercules, CA, USA). In comparison, PEG-mediated uptake 
for plastid transformation is not patented, however it is a time consuming process that requires 
considerable technical expertise, and has limited reported success (Nugent et al., 2006). PEG-
mediated uptake will be discussed further (Chapter 4).  
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3.1.3 Plastid transformation in Solanum tuberosum (potato) 
First reported in 1999, plastid transformation protocols for potato are well established with recent 
research achieving transformation rates of 1 transplastomic per bombardment and homoplasmic 
plants, similar to reports for tobacco (Sidorov et al., 1999, Valkov et al., 2011, Valkov et al., 2014, 
Zhang et al., 2015). As observed for tomato, regeneration of potato plastid transformants requires a 
two step regeneration protocol involving a callus induction phase (Nguyen et al., 2005, Ruf et al., 
2001). The low transformation efficiency initially achieved, of one transformation event for 
approximately 30 bombarded plates was most likely due to use of tobacco specific flanking regions 
with only partial homology (Nguyen et al., 2005, Sidorov et al., 1999).  
Determination of the potato chloroplast genome sequence (Chung et al., 2006, Daniell et al., 2006) 
and genome map (Figure 3.1.1), allowed for development of potato specific homologous flanking 
regions within the plastid transformation vectors, leading to improved transformation efficiency 
(Valkov et al., 2014, Valkov et al., 2011). Alongside optimisation of the two step regeneration 
protocol by simplification of the basal medium used for all regenerative media (Zhang et al., 2015) a 
transformation rate similar to that observed for tobacco was achieved (Valkov et al., 2011, Zhang et 
al., 2015). It has been observed that the final medium (DH or StM4) for shoot elongation is 
unnecessary for generation of transformed plants (Pers. comm. Stephanie Ruf, 2017). The optimal 
biolistic parameters for minimising tissue damage and thus maximising regeneration potential are 
1,100 psi, 25-28 inches/Hg and 6 cm target distance (Nguyen et al., 2005). 
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Figure 3.1 Potato chloroplast genome map. The gene for LSU, rbcL, indicated by yellow circle, is contained 
within the large single copy (LSC) region with flanking genes either side being accD and atpB encoding β-
carboxyl transferase subunit acetyl-CoA carboxylase and chloroplast ATP synthase subunit β respectively. IRa 
and IRb are inverted repeat regions with SSC being the small single copy region (Chung et al., 2006).  
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3.1.6 Aims 
This chapter focuses on the generation of ‘potato-rubrum’ plastid transformants using the novel potato 
specific plastid transformation vector pLEVPotRrAREV (kindly provided by Assoc. Prof. Whitney, 
ANU) (Figure 3.1.3), directing the replacement of rbcL with a codon modified rbcM, encoding a form 
2 Rubisco L-subunit derived from R. rubrum. Following removal of the selectable marker gene, the 
generation of a potato-rubrum master-line would provide a crop model species for further gene 
replacement experiments and provide evidence for the feasibility of extending this important 
photosynthetic improvement research to other crop species.  
The specific research questions addressed in this chapter are: 
• Can plastid transformation methods for potato be adapted for gene replacement studies? 
• Can the gene for large subunit of Rubisco be replaced in one or more crop plants in the same 
manner as in the model species tobacco? 
• How is photosynthesis altered in these plants? 
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•  
Figure 3.2 Potato specific plastid transformation vector, pLEVPotRrAREV, directs the replacement of rbcL 
(excluding the first 42 bp of coding sequence) in the non transformed plastome of potato with codon modified 
rbcM derived from R. rubrum (Whitney and Sharwood, 2008). Species specific plastome flanking sequences 
(PFS) for homologous recombination are indicated in green. PFS are approximately 1.4 and 1.1 kb. Expression 
of rbcM is driven by the native potato rbcL promoter and terminated by psbA 3’ untranslated region (UTR) 
derived from potato. Selection was provided by resistance to spectinomycin and streptomycin conferred by 
aminoglycoside 3 adenylyltransferase (aadA) with expression driven by the 16s rDNA rrn promoter and 
terminated by rps 3’ UTR. Two 34 bp loxP sites are present for an experiment to remove aadA using  
cre-recombinase. Primers specific to the vector are described in Figure 2.1 and Table 2.2. 
 
  
pLEVPotRrARev
7795 bp
aadA
PFS
PFS
Prrn
rbcM
TpsbA
TpsbA
Trps16
loxP
loxP
T7g10 5' UTR
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3.2 Methods 
All methods were as described in Chapter 2.  
3.3 Results 
3.3.1 Plasmid design and characterisation 
Assoc. Prof. Whitney designed, constructed and sequenced the plasmid, pLEVPotRrAREV, along 
with a vector with aadA in the reverse orientation, pLEVPotRrAFOR. Both vectors were received and 
in order to generate large amounts of pDNA for further plastid transformation experiments, E. coli 
was transformed with either pLEVPotRrAREV or pLEVPotRrAFOR, with pDNA isolated and 
characterised by restriction digest and PCR large amounts of pDNA generated then characterised by 
PCR to detect transgenes (Figure 3.3) before proceeding to transformation experiments. Restriction 
digests of pDNA using the restriction enzymes BamHI and NcoI were expected to achieve 3 
fragments ≈ 1.1 kb, 1.9 kb and 4.7 kb.   
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Figure 3.3 PCR to detect transgenes in vector DNA. Primer pair numbering refers to Figure 2.1 and Table 2.2. 
M) Hyperladder 1 (5 µL); 1) pLEVPotRrAREV clone; 2) pLEVPotRrAREV original; 3) NT gDNA; 4) no 
DNA.  
 
  
  M       1        2        3       4        1        2       3      4 
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3.3.2 Plant material 
A source of Solanum tuberosum cv Desiree seed potatoes was established (Goodman seeds, Cert No. 
16VIC762492) with adventitious shoots surface sterilised then transferred to shoot culture. 
Concurrently, new seed potatoes were generated using soil grown plants in the growth room. After the 
first rounds of bombardment it became apparent that the non-transformed shoot cultures had 
endogenous contaminants with growth arising from the explant tissue (Figure 3.4). The non-
transformed in vitro shoot cultures exhibited small leaves and excessive branching. Explants derived 
from these plants under callus induction had growth of a contaminant that became apparent after ≈ 2 
weeks (Figure 3.4). A kill curve was used to determine the minimum concentrations of antibiotics 
required  to control the contaminant, using varying concentrations of PPM, ampicillin and timentin 
both in combination and alone (data not shown). ‘Clean’ cultures were established by growth on basal 
medium containing ampicillin, timentin and an increased concentration of PPM for three months prior 
to continuing transformation experiments (Figure 3.4). 
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Figure 3.4 Non-transformed in vitro potato cultures. A) Non transformed potato explants 2 weeks after transfer 
to shoot induction following callus induction for approximately 4 weeks. Contamination can clearly be seen 
arising from the tissue and spreading across the medium. B) Contaminated non transformed potato in vitro shoot 
culture exhibiting small leaves and increased branching, approximately 6 weeks after subculture. C) Non 
transformed potato in vitro shoot culture 2 weeks after third subculture to medium containing ampicillin (200 
mg/L), timentin (200 mg/L) and PPM (2 mL/L). D) Non transformed potato in vitro shoot culture approximately 
6 weeks after subculture without contamination. Note increased leaf size and decreased branching.  
Scale bars = 1 cm. 
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3.3.3 Plastid transformation and regeneration 
Upon achieving ‘clean’ shoot cultures suitable for providing donor tissue, three rounds of 
bombardment using the vector pLEVPotRrAREV were undertaken, a total of 45 shots. Tissue was 
cycled through regeneration medium under selection pressure provided by spectinomycin (400 mg/L) 
with the first green shoots achieved after 14 weeks (Figure 3.5). Green shoots were labelled potato-
rubrum and assigned numbers. Shoots were transferred to StM4 for elongation, however this step was 
not required for shoot generation. Green callus was maintained for 6 months, with callus transferred 
along with shoots to ensure each shoot was a separate transformation event. Over 150 putative 
transformed green shoots were achieved (Table 3.1). As spectinomycin resistant (specR) mutants are a 
known phenomenon when using this selection system, after sampling, all shoots were transferred to 
basal medium with streptomycin (400 mg/L) providing selection pressure for two months. Shoot 
cultures showing evidence of bleaching at this stage were discarded as specR mutants, with the over 
65 remaining green shoots transferred to basal medium with spectinomycin and maintained by 
subculture to fresh medium every 4-8 weeks (Figure 3.5). Growth of putative potato-rubrum plants in 
tissue culture in air (i.e. under ambient CO2) appeared normal but slower than the non-transformed 
(NT) plants (Figure 3.6 and 3.7). Although the potato-rubrum line measured had a similar number of 
leaves to the NT line, the leaves were slightly smaller and both the intermodal length and root growth 
were clearly less than the NT line (Figure 3.6 and 3.7). 
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B  
 
C  
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H 
 
 
 
Figure 3.5 Generation of putative potato-rubrum plastid transformants. A) Explant tissue on Stm1 medium 
following biolistics prior to incubation in the dark for 2-3 d. B) Non-transformed control. Explants were 
bombarded with Au particles without bound pDNA and grown on StM2 medium for 4 weeks without selection 
pressure. C) Bombarded explants 4 weeks after growth on Stm2 under selection pressure prior to transfer to 
StM3. D) The first putative plastid transformed potato shoot 14 weeks after bombardment, 40x magnification. 
E) Over the next 6 months green callus was transferred every 4-6 weeks to fresh StM4 medium with 
spectinomycin (400 mg/L). F) Shoots > 1.5 cm in height were excised and transferred to basal in vitro shoot 
culture medium with spectinomycin (400mg/L). Over 150 putative plastid transformed potato shoots were 
transferred. G) In vitro putative plastid transformed potato shoots were subcultured every 4-6 weeks to fresh 
basal medium with spectinomycin (400 mg/L). Initial PCR screening indicated a number of shoots were most 
likely specR mutants, thus all in vitro shoot cultures were transferred to basal medium with streptomycin (400 
mg/L) and maintained for two months prior to transfer back to basal with spectinomycin. H) Shoots exhibiting 
signs of bleaching were discarded as non-transformed. All scale bars = 1 cm. 
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A 
 
B 
 
Figure 3.6 In vitro growth of NT potato (left) and potato-rubrum #20 (right) over 6 weeks. A) Day of subculture 
to Stbasal medium (Appendix 1). NT medium did not contain spectinomycin. Both lines had two internodal 
segments and three apical shoots with first two leaves transferred. B) After six weeks, the potato-rubrum line 
had slower growth, with shorter internodes, slimmer stems and less root growth. Scale bars = 2 cm.  
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B 
 
Figure 3.7 In vitro putative potato-rubrum plant growth compared to NT. A) Fully expanded leaves from 10 
clones for each line were counted (n = 10), with there being no significant difference in the number of leaves for 
each line (p = 0.17). B) The four largest leaves from two clones with the largest number of leaves for each line 
were measured (n = 8), with the potato-rubrum line having slightly smaller leaves (p = 2.46 x 10-5). Error bars 
represent the standard deviation. Analysis of variance was undertaken using single factor (ANOVA, Excel 
2010) 
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Two putative potato-rubrum in vitro shoot cultures alongside NT shoot cultures, were transported to 
the ANU, transferred to soil and grown under elevated atmospheric CO2 (1.5 % (v/v) in air). Under 
these conditions the growth phenotype of the potato-rubrum lines closely resembled NT (Figure 3.8). 
After further growth, the slower growth of potato-rubrum plants was easily observed (Figure 3.8). 
After 7 weeks on soil, both NT and potato-rubrum plants flowered and were visibly producing tubers 
(Figure 3.9). Leaf gas exchange measurements of photosynthesis rates under varying intercellular CO2 
concentrations (ci, Section 3.3.4.3) indicated that the potato-rubrum plants would not be autotrophic 
under normal atmospheric conditions. NT, potato-rubrum #15 and potato-rubrum #20 were therefore 
grown in air containing 1.5 % (v/v) CO2 until 20 cm in height then either maintained under elevated 
[CO2] or transferred to air (i.e. 0.04 % v/v CO2). After 34 d further growth, the potato-rubrum lines 
grown under elevated CO2 had reached reproductive maturity while those grown in air had ceased 
growth and undergone necrosis (Figure 3.10). After a further week growth the plants were harvested 
and the phenotype and mass of their roots and tubers measured (Figures 3.11 and 3.12). Under 
enhanced [CO2], the potato-rubrum tubers appeared similar to NT while there was very little root 
growth and no tuber growth for either transplastomic line transferred to air (Figures 3.11 and 3.12). In 
vitro shoot culture clones of each were also maintained under increased atmospheric CO2 of 1.5 % 
(v/v) for use in an experiment to excise the selectable marker gene, aadA, via transient expression of 
Cre-recombinase, to be undertaken at the ANU. 
  
 
 
82 
 
A 
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Figure 3.8 Soil grown potato-rubrum potato plastid transformants. L-R: NT, potato-rubrum #15, potato-rubrum 
#20. Photos taken by Rosemary Birch. A) 4d after transfer to soil. B) 23 d after transfer to soil, samples were 
taken for Rubisco content measurements from the same leaves away from the site of gas exchange 
measurements. Plants were gown under enhanced 1.5% [CO2] (v/v). Scale bars = 10 cm. 
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Figure 3.9 Soil grown potato-rubrum plastid transformants, 7 weeks after transfer to soil. L-R: NT, potato-
rubrum #15, potato-rubrum #20. A) Flowers of NT and potato-rubrum plants, with both plastid transformants 
exhibiting normal flowers compared to NT after the same growth time. B) Both NT and potato-rubrum plant 
exhibit tuber growth. All tubers were recovered with soil after photos for continued growth. Flower photos by 
Tim Rhodes, tuber photos by Rosemary Birch. 
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Figure 3.10 Soil grown potato-rubrum potato plastid transformants. L-R: NT, potato-rubrum #15,  
potato-rubrum #20. Plants were grown until 20 cm in height then either A) maintained in enhanced 1.5% [CO2] 
(v/v) or B) transferred to air. Photos taken by Rosemary Birch. Scale bars = 10 cm. All photos taken 34 d after 
transfer. 
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Figure 3.11 Soil grown potato-rubrum potato plastid transformants. L-R: NT, potato-rubrum #15, potato-
rubrum #20. P A) Plants grown in enhanced 1.5% [CO2] (v/v). B) Plants grown in air. Photos taken by 
Rosemary Birch. Scale bars = 10 cm.  
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Figure 3.12 Tubers produced by soil grown potato-rubrum potato plastid transformants grown in enhanced 
1.5% [CO2] (v/v). A) NT. B) Potato-rubrum #15. C) Potato-rubrum #20. B) Plants grown in air. Photos taken by 
Rosemary Birch. Scale bars = 10 cm.  
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3.3.4 Molecular characterisation  
3.3.4.1 Characterisation of putative transformants generated using pLEVPotRrAREV 
Over 150 green putative potato-rubrum transformants were achieved from 45 bombardments with the 
vector pLEVPotRrAREV (Table 3.1). Putative potato-rubrum plants were initially screened by PCR 
using the primer pairs for GOI, rbcM and aadA, as well as control genes accD and rbcL (Figure 3.13). 
In the data shown, samples 8 and 9 achieved fragments indicated by faint bands for both the 
transgenes with no corresponding fragment achieved for the native rbcL indicating putative 
homoplasmy (Figure 3.13). Samples 6 and 10 achieved a faint fragment and no fragment respectively 
for the native control gene, accD, indicating the gDNA quality was poor and as would be expected, no 
fragments were detected for any of the other primer pairs tested (Figure 313). Overall, the results 
indicated a number of putative transformants were non-transformants (Figure 3.13, not all results 
shown). Putative potato-rubrum plants were screened further by PCR for primers to the flanking 
regions, LsH and LsE, with results indicating that putative transformants achieved a fragment of ≈ 3.5 
kb, the expected size for homoplasmic transformed plants (Figure 3.14). Non transformants achieved 
fragments of ≈ 2.5 kb, as expected for the non-transformed chloroplast genome. It was estimated that 
for every 100 bombardments, 81 transformed shoots would be achieved (Table 3.1), reflecting a 
transformation rate of 8 transformants for every 10 bombardments. 
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Figure 3.13 Initial PCR screen to detect transgenes. Genes detected by the primer pair (numbering relates to 
Figure 2.1 and Table 2.2) and expected fragment sizes were as follows. A) rbcM (4 + 5), ≈ 800 bp (transgene); 
B) aadA (6 + 7), ≈ 800 bp (transgene); C) accD (12 + 13), ≈200 bp (native control gene); D) rbcL (10 + 11), ≈ 
300 bp (native gene). M) Hyperladder 1 (5µL); 1-11) Putative potato plastid transformants crude gDNA; NT) 
Non-transformed potato crude gDNA; P) Plasmid DNA as control. –) Negative control of no DNA. 
  
M      1       2        3        4      5       6      7       8       9      10     11     NT    –      P 
M      1        2       3       4       5       6      7       8      9      10     11     NT     –     P 
M      1        2       3      4       5       6      7       8       9     10    NT     P     –      M 
M       1        2       3       4        5       6        7       8       9      10       NT      P      – 
800 bp 
800 bp 
200 bp 
300 bp 
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Figure 3.14 PCR to detect gene insert. Primer pair was LsH and LsE (Table 3.2). M) molecular marker, 
Hyperladder 1 (5µL); 1-30) Putative potato plastid transformants crude gDNA; NT) Non-transformed potato 
crude gDNA; P) Plasmid DNA as control; –) Negative control of no DNA. 
 
 
 
Table 3.1 Efficiency of plastid transformation in potato 
Bombarded 
plates Shoots SpecR  
Shoots SpecR 
+ StrepR  
Shoots 
Analyseda 
Shoots 
PCR +b 
Est. trans. shoots/ 
100 bombardmentsc 
45 156 65 25 14 81 
aShoots analysed counted number of shoots analysed by PCR that achieved either NT or transformed fragments 
only (did not count shoots with no fragment achieved as presumed crude gDNA not good enough quality) 
bPCR using primers for the flanking regions (Figure 3.3.14) 
cNo. of shoots SpecR x No. of shoots PCR+ x No. of plates bombarded-1 x No. of shoots analysed -1 x 100 
 
  
  M       1        2        3       4        5        6        7        8        9      10      NT      P       –       M 
   M      11      12      13     14      15      16     17     18      19     20      NT      P       –       M 
   M      21      22      23     24       25     26     27      28      29     30      NT      P       –       M 
3.5 kb 
2.5 kb 
3.5 kb 
2.5 kb 
3.5 kb 
2.5 kb 
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3.3.4.2 Protein analysis 
To confirm the potato-rubrum lines were homoplasmic and produced only the form 2 R. rubrum 
Rubisco rather than the native form 1 potato Rubisco, non-denaturing (nd) PAGE of their total leaf 
soluble protein (TSP) was undertaken (Figure 3. 15). It was expected that the native form 1 potato 
Rubisco (L8S8) protein would be ≈ 520 kDa with the R. rubrum Rubisco (L2) ≈ 100 kDa. The nd-
PAGE results indicated that the putative transformants with rbcM and aadA transgenes detected by 
PCR, accumulated R. rubrum Rubisco and no native Rubisco (Figure 3.15) with the 100 kDa bands 
detected by Coomassie blue staining confirmed as R. rubrum Rubisco by Western blot analyses using 
R. rubrum antibody. Replica blots probed with tobacco Rubisco antibody confirmed the potato-
rubrum lines did not produce potato Rubisco (Figure 3.16). Additional SDS-PAGE analyses of the 
TSP were undertaken and were stained with Coomassie blue or transferred to nitrocellulose 
membrane and probed with tobacco Rubisco antibody. Results further confirmed that neither tobacco 
LSU nor tobacco SSU accumulated in either of the potato-rubrum plants (Figure 3.17). 
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Figure 3.15 Potato-rubrum plants assemble L2 Rubisco. nd-PAGE with Coomassie blue. All lanes contained 10 
µg of non-denatured TSP. Samples were NT) non-transformed S. tuberosum TSP, 1-6) In vitro putative potato-
rubrum TSP. M) Native mark protein standard (5 µL). TSP samples from in vitro potato-rubrum #15 and #20 
were in lanes 2 and 5 respectively. 
  
  M        NT        1         2         3        4          5         6         7          M  
≈ 520 kDa 
≈ 100 kDa 
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Figure 3.16 TSP separated by nd-PAGE. NT) Non-transformed potato TSP. #15 & #20) potato-rubrum TSP. 
Tob) tobacco; Rub) R. rubrum. Gel was either stained with Coomassie blue or probed with antibodies raised in 
rabbit, specific for either higher plant Rubisco (middle) or R. rubrum Rubisco (right). Both potato-rubrum plants 
have a unique protein band at approximately 100 kDa that is recognised by the R. rubrum Rubisco antibody. No 
evidence for the production of potato Rubisco is evident in either potato-rubrum lines. MW) protein marker. 
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Figure 3.17 TSP separated by SDS-PAGE. NT) Non-transformed potato TSP. #15 & #20) potato-rubrum TSP. 
Tob) tobacco; Rub) R. rubrum. Gel was either stained with Coomassie blue or probed with antibodies raised in 
rabbit, specific for R. rubrum Rubisco (right). Both potato-rubrum plants had bands approximately 52 kDa, the 
size expected for LSU (L) but no visible band at 14.5 kDa, the size expected for the potato SSU (S). The 
western blot confirmed that there was no detectable higher plant LSU or SSU in either potato-rubrum plant’s 
TSP. MW) protein marker. 
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The leaf Rubisco content was quantified by 14C-binding (i.e. chromatographic separation of Rubisco 
bound and unbound 14C-CPBP, see section 2.7) and expressed as a percentage of TSP (Figure 3.18). 
Results indicated that both the soil-grown potato-rubrum plants have a slightly reduced content of 
Rubisco compared to NT potato (Figure 3.18.) alongside a reduced total soluble protein content (g.m2) 
overall.  
 
 
Figure 3.18 Rubisco content as a percentage of TSP. pWT) Non-transformed potato TSP; pRr1 & pRr2) potato-
rubrum #15 & #20 TSP respectively. Percentages refer to Rubisco content as a percentage of TSP. 
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3.3.4.3 Photosynthetic characterisation 
Photosynthesis was measured using a gas-exchange system (LI-6400). The leaf CO2 assimilation rate 
at varying CO2 partial pressures was measured at 25°C under 1200 µmol photons.m2 illumination. 
The NT potato exhibited the characteristic increase in photosynthetic rate as [CO2] levels supplied to 
the leaf were increased (Figure 3.19). However, as seen previously (Whitney and Sharwood, 2008), 
due to the lower amount of R. rubrum Rubisco present (Figure 3.18) alongside the poorer 
carboxylation properties of the R. rubrum Rubisco produced in the potato-rubrum lines, the 
transplastomic lines showed slower rates of photosynthesis relative to the NT plants (Figure 3.19). 
Reducing the concentration of inhibitory O2 in the Li-COR chamber resulted in an increased CO2 
assimilation rate in potato-rubrum lines. However, even when photosynthetic rates were measured 
under 10-fold lower O2 concentrations (i.e. to 2% v/v O2) the CO2-assimilation rates in the potato-
rubrum leaves were still slower than NT under ambient O2 (i.e. 20.6% O2 v/v) (Figure 3.19). 
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Figure 3.19 Leaf CO2 assimilation rate as a function of intercellular CO2 partial pressure for NT S. tuberosum, 
and two soil-grown potato-rubrum plastid transformants. Shown are measurements made on the leaves analysed 
in Figures 3.3.16, 3.3.17 and 3.3.18. Solid and open squares were measurements on leaves from two different 
NT S. tuberosum plants. Solid triangles and solid circles were measurements of potato-rubrum #15 at 21% and 
2% O2 respectively. Open triangles and open circles were measurements of potato-rubrum #20 at 21% and 2% 
O2 respectively.  
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3.4 Discussion of results 
3.4.1 Endogenous contamination of plant material 
Early in this project, non-transformed in vitro shoot cultures became contaminated due to a thrips 
invasion in the growth room, and were thus discarded. This led to the requirement for a new source of 
non-transformed potato. In vitro shoot cultures were established and upon receipt of the vector, 
pLEVPotRrAREV, transformation and regeneration experiments commenced. After the first two 
rounds of bombardment and growth on callus induction medium for two weeks, microbial growth 
arising from the explant material became apparent (Figure 3.4). It had also been noted that the NT in 
vitro shoot cultures were exhibiting very small leaves and excessive branching (3.4). It has long been 
known that higher plants have many different endophytes, i.e. non-pathogenic microbes that live 
within the plant tissue rather than on the surface, with it being recognised more recently that 
endophytes may play important roles in plant response to abiotic and biotic stress (Frank et al., 2017). 
During tissue culture, endophytes can be released from wounds that occur during explant preparation, 
allowing growth on the surface of the stressed in vitro tissue and thus affecting plant growth 
negatively during culture (Cassells, 1993, Jena and Samal, 2011). It was found that by increasing the 
concentration of a plant preservative medium (PPM) (Sigma) alongside inclusion of ampicillin and 
timentin in the growth medium, the growth of microbes from explant tissue was no longer evident. 
Maintenance of contamination-free NT in vitro cultured potato resulted in reduced branching and 
larger leaves (Figure 3.4).  
3.4.2 Generation of homoplasmic potato-rubrum plants 
Generally, to ensure homoplasmy, several rounds of regeneration are undertaken. This allows for 
sorting of transformed plastomes to occur over repeated cell divisions (Maliga, 2004, Ruf et al., 
2001). For tobacco, the time frame for each round of regeneration is usually around 2-3 months and 
typically includes 2-4 weeks callus induction followed by 4-8 weeks shoot induction. Shoots are then 
transferred to basal medium for rooting for 2-4 weeks, and then to soil. Thus, the total timeframe for 
generating homoplasmic tobacco plants is at least 6-9 months. For other species, this can be 
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substantially longer. For example, in soybean and tomato, 2 months and 3-4 months respectively, 
were required for the callus induction and selection phases (Dufourmantel et al., 2004, Ruf et al., 
2001). Here, homoplasmic potato plants were achieved from the initial regeneration with extended 
callus culture without the need for any further regeneration, as reported for cauliflower by Nugent et 
al. (2006). Although the cauliflower plastid transformation method was PEG-mediated uptake to 
protoplasts rather than biolistics, the method reported the extended callus culture and generation of 
homoplasmic plants without the need for any further rounds of regeneration (Nugent et al., 2006). The 
majority of homoplasmic plants reported here did not undergo any further rounds of regeneration, 
rather, extended callus culture was undertaken followed by maintenance of in vitro shoot cultures 
under selection for approximately 6 months prior to transfer to soil (Figures 3.5).  
As discussed below (Section 3.5), potato-rubrum plants exhibited slower growth than non-
transformed plants, even under enhanced CO2. Due to a lack of a growth chamber capable of 
supplying elevated CO2 atmosphere at RMIT, in vitro shoot cultures were grown under normal 
atmospheric conditions, thus, the slow growing potato-rubrum transformants required extended 
growth to generate a suitable amount of plant tissue for sampling and molecular characterisation. It 
would be expected that with a suitable growth chamber alongside extended callus culture that the 
plastid transformation and regeneration protocol described here would be able to generate 
homoplasmic potato-rubrum plants suitable for transfer to soil after approximately 6 months. 
3.4.3 Transformation efficiency in S. tuberosum 
The transformation efficiency for potato reported here reflected that previously reported (Table 3.1) 
(Zhang et al., 2015) and approaches that observed for tobacco (Svab and Maliga, 1993). Similarly, the 
generation rate of specR plants also reflected that previously observed for potato and tobacco (Sidorov 
et al., 1999, Svab and Maliga, 1993). The development of potato specific plastid transformation 
vectors alongside a suitable regeneration protocol has allowed for an increase in transformation 
efficiency. Early plastid transformation experiments in potato, using tobacco specific vectors targeting 
either accD-rbcL in the LSC region or trnV-rps7/13-rps12 in the IR region of the chloroplast genome 
led to transformation rates approximately 1 transformation event for every 15-30 bombardments 
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(Nguyen et al., 2005, Sidorov et al., 1999). Improvement of transformation efficiency to a rate similar 
to that of tobacco, was achieved with the use of potato specific plastid transformation vectors 
alongside a suitable regeneration protocol (Valkov et al., 2011, Valkov et al., 2014). The regeneration 
protocol was further modified (Zhang et al., 2015) and used here with the potato specific plastid 
transformation vector, pLEVPotRrAREV, resulted in a transformation efficiency comparable to both 
that reported previously for potato and tobacco (Svab and Maliga, 1993, Valkov et al., 2011). 
In this chapter, a high incidence of specR plants was reported. This may be due to the extended callus 
culture under selection pressure supplied by spectinomycin. SpecR mutants are a known phenomenon 
when using the aadA selection system (Sidorov et al., 1999, Svab and Maliga, 1991). aadA confers 
resistance to both spectinomycin and streptomycin. Spontaneous spectinomycin mutants can arise due 
to specific 1 point mutations within rrn16 (Svab and Maliga, 1991). SpecR plants can be identified by 
PCR and Southern blot or simply through transfer to medium containing streptomycin. SpecR mutants 
are then readily identified due to bleaching. After transfer to medium containing streptomycin, 
bleaching occurred in approximately 55% of the putative potato-rubrum transformants. Bleached 
plants were discarded and not analysed further. 
3.4.4 Growth of in vitro and soil grown potato-rubrum plants 
Both the in vitro potato-rubrum, grown under normal atmospheric conditions, and the soil grown 
potato-rubrum, under elevated atmospheric CO2 exhibited slower growth than NT (Figures 3.6, 3.7, 
3.8 & 3.9). However, the soil grown potato-rubrum plants life cycle appears normal, with both potato-
rubrum plants flowering and developing tubers within the same time frame as the NT under elevated 
CO2 (Figure 3.9, 3.10, 3.11 & 3.12). The life cycle and maturation is an obviously important 
consideration for the generation of new varieties of crop plants. Here, the potato-rubrum plants life-
cycle and maturation was not interrupted, thus, hypothetically, the transplastomic plants could be 
planted and harvested in the normal time frame for S. tuberosum crops. However, as discussed below 
(Section 3.4.6), the potato-rubrum plants are not autotrophic when grown under normal atmospheric 
conditions and require enhanced [CO2] of 1.5 % for autotrophic growth. Nonetheless, the 
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uninterrupted life cycle and production of tubers from potato-rubrum plants shown here demonstrates 
the ability for foreign Rubisco variants to support the growth of crop plants through to harvest.    
3.4.5 Both in vitro and soil grown plants accumulate L2 Rubisco 
The LSU of Rubisco is highly conserved across all Rubisco forms and when denatured, it is 
approximately 52 kDa. Therefore, there is no discernible difference between the LSU derived from 
potato and that derived from R. rubrum, when denatured TSP is separated by SDS-PAGE. Thus, as 
for tobacco-rubrum plants (Whitney and Sharwood, 2008), in order to observe the presence of either 
potato L8S8 Rubisco or the introduced R. rubrum L2 Rubisco, nd-PAGE was used to separate non 
denatured TSP prior to either staining with Coomassie blue or probing with L2-specific antibodies. 
The results confirmed the presence of solely R. rubrum L2 Rubisco in both in vitro (Figure 3.15) and 
soil grown potato-rubrum plants (3.16), further indicating successful rbcL replacement and the 
generation of homoplasmic plants. Further, soil grown plants did not accumulate native potato SSU 
(Figure 3.17). It was assumed that rbcS was transcribed, with it being likely that mRNA was present 
and the native potato precursor SSU’s (i.e. coding a N-terminal transit peptide) translated and 
transported to the chloroplast stroma. However, as the SSU are not incorporated into R. rubrum L2 
Rubisco, they are rapidly degraded by stromal proteases as their accumulation cannot be detected, as 
found in tobacco-rubrum plants (Whitney and Sharwood, 2008). To confirm this, isolation and 
analysis of mRNA could be undertaken. It would be likely that rbcS mRNA levels are elevated in 
potato-rubrum, as observed for tobacco-rubrum (Whitney & Andrews 2003, 2008), in response to up-
regulation of rbcS transcription (Whitney and Andrews, 2003). Although L2 Rubisco was 
accumulated, both the potato-rubrum plants had a slightly decreased Rubisco content as a percentage 
of TSP compared to NT, as well as a slightly decreased TSP content overall (Figure 3.18). This may 
be due to incompatibilities between the potato Rubisco chaperone proteins and the foreign Rubisco, 
affecting the ability to express, assemble and accumulate a foreign Rubisco (Aigner et al., 2017, 
Whitney et al., 2015). There may also limitations in the translational efficiency of the rbcM gene, 
despite the codon use being modified to match that of potato rbcL. Another possibility is that 
transcript stability may be impaired, especially considering the transcript will be bicistronic, coding 
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both rbcM and aadA genes, as observed for tobacco-rubrum (Whitney and Andrews, 2003, Whitney 
and Sharwood, 2008). Regardless, under enhanced [CO2], the L2 Rubisco still allows for autotrophic 
growth of the potato-rubrum plants.  
3.4.6 Photosynthetic rate in potato-rubrum plants is slow and reflects 
that of R. rubrum 
The CO2 assimilation as a function of intercellular CO2 partial pressure was determined from gas 
exchange measurements. At normal atmospheric O2 of 21%, the NT S tuberosum photosynthetic CO2 
assimilation rate increased as the level of CO2 supplied to the leaf increased (Figure 3.19). However, 
for both potato-rubrum transformants, #15 & #20, the leaf CO2 assimilation was much slower than NT 
at normal atmospheric O2 (Figure 3.19), mainly due to poorer carboxylation kinetics exhibited by R. 
rubrum Rubisco (Figure 3.19). Notably, when supplied normal atmospheric CO2 levels, the leaf 
intracellular [CO2] of NT S. tuberosum does not exceed approximately 350 µbar, with CO2 
assimilation measured as approximately 15 µmol CO2 fixed.m2.s-1 (Figure 3.19). However, for both 
potato-rubrum #15 and #20, when leaves were supplied with ambient atmospheric CO2, (i.e. 400 µbar, 
which is equivalent to an intercellular [CO2], ci, of ≈ 280-300 µbar), the photosynthetic rate was 
negative. As a consequence, when soil grown potato-rubrum plants were transferred to air, both the 
#15 and #20 lines were unable to sustain growth (Figures 3.10 and 3.11). In contrast, when 
maintained in enhanced [CO2], both lines developed flowers and a similar number of tubers at the 
same time as NT (Figures 3.10, 3.11 and 3.12), thus confirming that increased [CO2] of 1.5 % 
adequately complements the poor affinity and specificity for CO2 displayed by R. rubrum Rubisco.  
3.5 Conclusion 
3.5.1 Addressing the chapter aims and questions 
The plastid transformation and regeneration protocol utilising a potato specific plastid transformation 
vector for the replacement of rbcL successfully generated plastomic plants. This demonstrated the 
suitability of the method for other plastid gene replacement experiments in potato. Further, the 
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generation of potato-rubrum plastomic plants demonstrated the feasibility of extending the Rubisco 
replacement experiments, previously demonstrated in tobacco (Whitney and Sharwood, 2008), to 
other commercially important C3 food crop species. As would be expected, the photosynthetic rate of 
the potato-rubrum plants reflected that of R. rubrum, the source of the gene transcript for rbcM, with 
plants achieving normal but slower growth compared to non-transformed plants under enhanced 
[CO2]. 
3.5.2 Future research 
In order to undertake further Rubisco replacement experiments, the potato- rubrum master line 
requires some further development. The design of the transformation vector allows for the removal of 
selective marker gene, aadA, by transient expression of Cre-recombinase (Corneille et al., 2001, Lutz 
et al., 2006). Removal of aadA would then enable the use of the same highly successful selection 
system in further Rubisco replacement experiments, similar to experiments undertaken using the 
tobacco-rubrum master line (Whitney and Sharwood, 2008). 
After removal of aadA, the re-introduction of the native potato rbcL to the chloroplast genome would 
confirm the ability to replace rbcM within the potato-rubrum master line with other rbcL gene 
variants. It would then be expected that transformed plants would exhibit normal NT growth and 
photosynthetic rate, which would demonstrate that the introduced Rubisco reflects the photosynthetic 
rate of the source. 
The next step for development of the potato-rubrum line, would be to silence the native SSU. The 
expression of the native SSU interfered with accumulation of plastid expressed foreign SSU within 
Rubisco (Sharwood, 2017a, Whitney et al., 2015, Whitney et al., 2009, Zhang et al., 2011). The 
potato-rubrum master line successfully expressed and accumulated a form 2 Rubisco, with the LSU 
dimer structure that did not include SSU, typically observed for these Rubisco forms. Thus, silencing 
of the SSU should not interfere with growth of the potato-rubrum plants under enhanced atmospheric 
CO2. A potato-rubrum master-line with silenced SSU would then allow for expression and assembly 
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of foreign rbcL and rbcS from the plastid genome and assembly into functional L8S8 Rubisco without 
interference from native SSU. 
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Chapter 4 Plastid transformation of 
Brassica napus cv Westar for rbcL 
replacement 
4.1. Introduction 
As mentioned previously (Chapter 1 and Chapter 3), Rubisco has been identified as a prime target for 
the improvement of photosynthesis. As previously discussed in Chapter 1, direct replacement of rbcL 
in higher plants has proven to be not so straight forward as initially hoped, with early research 
showing that unusual recombination events occur due to the high homology between the coding 
sequence of higher plant rbcL resulting in hybrid and chimeric Rubisco being obtained (Kanevski et 
al., 1999, Lin et al., 2014, Sharwood et al., 2008, Zhang et al., 2011). The Translational 
Photosynthesis laboratory at the Australian National University (ANU) developed a successful 
strategy, demonstrated in tobacco, whereby the tobacco rbcL was first replaced by a large subunit 
sequence, rbcM, encoding an L2 form of Rubisco, derived from the photosynthetic bacterium R. 
rubrum (Whitney and Sharwood, 2008). The resulting transplastomic tobacco ‘master line’ can be 
used for further gene replacement experiments in which rbcM can be easily replaced with other higher 
plant Rubisco variants (Whitney et al., 2015). Although very successful, this process has only been 
demonstrated for one other species apart from the model N. tabacum (tobacco), namely Solanum 
tuberosum (potato) (Described in Chapter 3). The demonstration of this technology in a crop species 
from a family apart from Solanaceae, such as Brassicaceae, would provide evidence for the viability 
of extending the research to other crop plant species, thus providing a feasible route for increasing 
yield via photosynthesis improvement in crop plants. 
4.1.1 Plastid transformation in Brassicaceae 
As mentioned (Chapter 1 and Chapter 3), plastid transformation is a requirement for Rubisco 
replacement in higher plants. Generally, plastid transformation rates achieved for species from the 
Brassicaceae family is low compared to that achieved for tobacco (Table 4.1). In 1998, the first report 
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of plastid transformation in a Brassicaceae species, Arabidopsis thaliana, was reported (Sikdar et al., 
1998). Although homoplasmy was achieved, there was a very low transformation rate of 1 
transplastomic event for every 100 bombardments (1:100) and none of the plants generated from the 
two transplastomic Arabidopsis lines were fertile (Sikdar et al., 1998). Five years later, plastid 
transformation was extended to Lesquerella fendleri, a wild oilseed Brassicaceae species that 
responds as well as tobacco to regeneration and tissue culture (Skarjinskaia et al., 2003). 
Transformation efficiency was improved to 1:25, still much lower than that reported for tobacco with 
it being unclear as to why transformation efficiency was so low (Skarjinskaia et al., 2003). Extension 
of plastid transformation to a food crop species, Brassica oleracea var. botrytis (cauliflower), was 
achieved using PEG-mediated DNA uptake to protoplasts (Nugent et al., 2006). Over 6 million 
protoplasts were treated with only one transformant obtained. Although a very low transformation 
rate, this plastid transformation system allows for large numbers of protoplasts to be treated in a single 
experiment. It is mainly reliant on technical expertise in isolating viable protoplasts. The extended 
callus culture step allowed plenty of time for transformed plastome sorting thus homoplasmy was 
achieved without further rounds of regeneration (Nugent et al., 2006).  
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Table 4.1 Plastid transformation in Brassicaceae. All reports used the aadA selection system. 
Species Target region GOI Transformatio
n method/ 
target tissue 
Transformation 
efficiencya 
Homoplasmy Author(s) 
Arabidopsis 
thaliana 
trnV–rps12/7  aadA Biolistics/ leaf 
mesophyll 
1:100 Yes Sikdar et al. 
(1998) 
Lesquerella 
fendleri 
trnV–rps12/7  Aequorea victoria 
green fluorescent 
protein (GFP) 
Biolistics/ leaf 
mesophyll 
1:25 Yes Skarjinskaia 
et al. (2003) 
Brassica 
napus 
rps7-ndhB  cry1Aa10 (insect 
resistance gene) 
Biolistics/ 
cotyledon 
petioles 
4:1000 bombarded 
cotyledon petioles 
No Hou et al. 
(2003) 
B. oleracea 
var. botrytis 
accD–rbcL aadA PEG-mediated 
uptake/ leaf 
mesophyll 
protoplasts 
1: 6 million treated 
protoplasts 
Yes Nugent et 
al. (2006) 
B. oleracea 
var. capitata 
trnV-rrn16S & 
trnI-trnA/rrn23S 
aadA (HSA- not 
measured for this 
experiment) 
Biolistics/ leaf 
mesophyll 
2.7 - 3.3 %b  Yes Liu et al. 
(2007) 
B. oleracea 
var. capitata 
trnV-rrn16S & 
trnI-trnA/rrn23S 
HSA Biolistics/ leaf 
mesophyll 
As for Liu et al. 
(2007) 
Yes Liu et al. 
(2008) 
B. napus trnI-trnA aadA Biolistics/ 
cotyledons 
1:4 No Cheng et al. 
(2010) 
A. thaliana trnV-rps12 GFP  Biolistics/ leaf 
mesophyll 
1:1 Yes Yu et al. 
(2017) 
aTransformation events per number of bombardments unless otherwise stated. 
bNumber of homoplasmic plants/ number of bombardments) x 100 
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4.1.2 Plastid transformation and regeneration in B. napus (canola) 
This important C3 plant was one of the first plants to have a genetically modified line commercially 
available, with genetic engineering technology extensively applied for the introduction of foreign 
genes (Bhalla and Singh, 2008). Nuclear transformation protocols are well established for B. napus, 
generally utilising Agrobacterium-mediated transformation of various tissue types, typically 
hypocotyl or cotyledon tissue (Bhalla and Singh, 2008, Cheng et al., 2010, De Block et al., 1989, Hu 
et al., 2010, Moloney et al., 1989), although the efficiency of transformation is known to be impacted 
by cultivar, tissue age and growth medium (Maheshwari et al., 2011). Particle bombardment of 
microspores for nuclear transformation in B. napus has been reported (Fukuoka et al., 1998). 
However, there are no reports of biolistic bombardment for nuclear transformation in B. napus using 
other tissue types such as cotyledons or young leaf tissue.  
There have been reports of plastid transformation in B. napus. However, homoplasmy whereby the 
transformed plants only contain transformed plastid genome copies has yet to be achieved (Table 4.2) 
(Cheng et al., 2010, Hou et al., 2003). Although the response of Brassicaceae species to the 
commonly used selective agent, spectinomycin, is likely to be a factor (Section 4.1.2) another factor 
may be the different regeneration techniques. Regeneration protocols were based upon those 
determined to be suitable for use with Agrobacterium-mediated transformation which has specific 
requirements regarding uptake of the Agrobacterium and optimum explant tissue (Bhalla and Singh, 
2008). Regeneration of B. napus is typically undertaken using hypocotyl, cotyledon petiole or 
cotyledon tissue as explants (Cheng et al., 2010, Hou et al., 2003). Although successful regeneration 
of B. napus using young leaf tissue has been reported, this protocol has yet to be used in conjunction 
with the transformation of either nuclear or plastid genome (Akasaka-Kennedy et al., 2005). The 
majority of chloroplasts are found in leaf mesophyll tissue, 80-120 per cell, making it an ideal target 
ideal target for plastid transformation. The full chloroplast genome sequence and genome map of B. 
napus has been determined and is 152, 860 bp in length (Figure 4.1) (Hu et al., 2010). 
 
 
108 
 
 
Figure 4.1 B. napus chloroplast genome map. Determination of the chloroplast sequence has allowed for the 
development of species specific plastid transformation vectors. As observed for potato (Chapter 4), the gene for 
LSU, rbcL, indicated by yellow oval, is contained within the large single copy (LSC) region with flanking genes 
either side being accD and atpB encoding β-carboxyl transferase subunit acetyl-CoA carboxylase and 
chloroplast ATP synthase subunit β respectively (Hu et al., 2010). 
 
  
 
 
109 
 
4.1.3 Aims 
This chapter focuses on the generation of ‘canola-rubrum’ plastid transformants using the novel  
B. napus specific plastid transformation vector pLEVCanRrAREV (Figure 4.2), directing the 
replacement of rbcL with a codon modified rbcM, encoding a form 2 Rubisco L-subunit derived from 
R. rubrum. The generation of a canola-rubrum master-line would provide a crop model Brassicaceae 
species for further gene replacement experiments, and provide further evidence for the feasibility of 
extending Rubisco replacement research to other crop species.  
A secondary aim of this chapter was the development of a protocol for the plastid transformation of  
B. napus using leaf mesophyll tissue. The demonstrated use of a successful protocol would be of 
benefit to the wider research community, allowing for further Brassicaceae plastid transformation 
research such as other gene replacement studies or heterologous protein expression experiments. 
The specific research questions addressed in this chapter are 
• Can biolistics of leaf mesophyll tissue be adapted for plastid transformation of B. napus? 
• Can PEG-mediated DNA uptake to B. napus protoplasts be adapted for plastid transformation 
of B. napus? 
• Can the gene for large subunit of Rubisco be replaced in B. napus in the same manner as in 
the model species tobacco and potato (described in Chapter 3)? 
• How is photosynthesis altered in these plants? 
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Figure 4.2 B. napus specific plastid transformation vector, pLEVCanRrAREV, directs the replacement of rbcL 
(excluding the first 42 bp of coding sequence) in the non-transformed (NT) plastome of B. napus with codon 
modified rbcM derived from R. rubrum (Whitney and Sharwood, 2008). Species specific plastome flanking 
sequences (PFS) for homologous recombination are indicated by green. PFS are approximately 1.1 and 1.4 kb. 
Expression of rbcM is driven by the native B. napus rbcL promoter and terminated by psbA 3’ untranslated 
region (UTR) derived from B. napus. Selection is provided by resistance to the antibiotics spectinomycin and 
streptomycin, conferred by aminoglycoside 3 adenylyltransferase (aadA) with expression driven by the 16s 
rDNA rrn promoter and terminated by rps 3’ UTR. Two 34 bp loxP sites are present for an experiment to 
remove aadA using cre-recombinase method. Primers specific to the vector are described in Figure 2.2 and 
Table 2.2. 
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4.2. Methods 
All methods were undertaken as described in Chapter 2 Material and Methods.  
4.3 Results 
4.3.1 Plastid transformation vectors 
Large amounts of pDNA were generated by transformation of either E. coli DH5α or E. coli NƐβ5α 
with the plastid transformation vector pZB1 (Chapter 2, Figure 2.3). pDNA was isolated, followed by 
restriction digest using EcoRI restriction enzyme and PCR to detect the transgene (Figure 4.3). The 
expected fragment sizes for digestion were ≈ 2.7 kb & 5.6 kb. All pZB1 clones achieved the expected 
size fragments with varying concentrations of pDNA present (Figure 4.3). PCR to detect the transgene 
for pZB1-4 indicated presence of aadA in both miniprep and maxi prep DNA (Figure 4.3). 
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Figure 4.3 Molecular characterisation of pZB1. A) Restriction digestion of pZB1 miniprep DNA. M) 
Hyperladder 1 (5 µL); 1-12) pZB1 clones, undigested pDNa with digested pDNA in lane following. 
B) PCR analysis for detection of aadA. Lanes 1-2) pDNA being pZB1-4 maxiprep and pZB1-4 
miniprep respectively. Lanes 3-6) controls being pNAV237 (+ve), 314-9 gDNA (+ve), NT tobacco 
gDNA (-ve) and no DNA (-ve) respectively. 
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In order to design appropriate flanking regions for a species specific plastid transformation vector, 
published sequence data for chloroplast genomes of Nicotiana tabacum (Acc. Z00044.2), B. napus 
(Acc. NC_016734.1) and Solanum tuberosum (Acc. NC_008096.2), as well as tobacco specific 
vector, pcmtrLA (Acc. AY827488), were analysed using BLAST suite software (National Centre for 
Biotechnology Information [NCBI]) and VectorNTI software (Bio-Rad). The region of interest was 
located within the large single copy region and includes the coding sequences for atpB, rbcL and 
accD. Flanking sequences were validated by chloroplast sequence alignments undertaken against 
published sequences for pcmtrLA, N. tabacum and B. napus. The annotated sequence for the B. napus 
vector was forwarded to S. Whitney for construction by GenScript (Appendix 3). There was a 
significant delay in the synthesis and stabilisation of the whole vectors. Once received the vectors, 
pLEVCanRrAREV and pLEVCanRrAFOR (substantially the same as pLEVCanRrAREV but with the 
gene for selection, aadA, in the reverse orientation) were characterised by restriction digestion using 
the enzyme BamHI alone as well as in combination with StuI, and PCR to the detect transgene 
(Figure 4.4). Using the enzyme BamHI alone it was expected to achieve two fragments, one ≈ 1.12 kb 
and the remainder of vector backbone, ≈ 6.3 kb, while with both BamHI and StuI it was expected to 
achieve 3 fragments, ≈ 1.12, 1.16 and the remainder of vector backbone, ≈ 5.2 kb. Both of the vectors 
exhibited the expected digestion pattern (Figure 4.4). For PCR, using the primers to detect aadA 
(Chapter 2, Table 2.2), a ≈ 800 bp fragment was visible for both vectors, confirming the presence of 
the gene for selection, aadA (Figure 4.4). 
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Figure 4.4 Characterisation of B. napus specific transformation vectors. Templates were as follows: 1) 
pLEVCanRrAFOR, 2) pLEVCanRrAREV, 3) control pDNA. A) Restriction digestion of pDNA. a) Undigested 
pDNA, b) BamHI & StuI digested pDNA, expected fragment sizes ≈ 1.12 kb, 1.16 kb and remainder vector, c) 
BamHI digested pDNA, expected fragment size ≈ 1.12 kb and remainder vector. B) PCR to detect aadA. 
Expected product ≈800 bp. 
 
  
    M         1a           1b            1c          2a           2b           2c          3a            3b          3c 
   M             1            2               3      
≈ 1.1 
≈ 6.3 
≈ 5.2 
kb 
≈ 800 bp 
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Primers to detect other regions within the plastid transformation vectors and NT B. napus gDNA were 
validated (Figure 4.5; Chapter 2, Table 2.2). Both B. napus pLEVCanRrA vectors achieved fragments 
of the expected size for the primer pair to detect sequence for intergenic region and aadA with no 
fragment achieved for either NT gDNA or negative control of no DNA. For both the primer pair to 
detect accD and the primer pair to detect atpB, only NT gDNA achieved a fragment of the predicted 
sizes. This is as would be expected, as for both of these primer pairs, one primer is outside the 
flanking region. Both the vectors and NT B. napus gDNA achieved fragments of the expected size for 
the primer pair to detect atpB within the left flanking region (Figure 4.5). 
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Figure 4.5 PCR for primer validation. A) Expected fragment pairs sizes were approximately 200 bp, 400 bp, 
and 200 bp for primers from left to right respectively. Lanes contained PCR products as follows.  
1) pLEVCanRrAREV, 2) pLEVCanRrAFOR, 3) NT B. napus gDNA, 4) no DNA. B) First two primer pairs and 
templates a-d were PCR validation for primer pairs used in another chapter (Chapter 5). Expected fragment size 
for primers 14 + 15 was ≈ 200 bp.  
  
Primer 
pair 
 
 
6 + 7 16 + 17 12 + 13 
  M         1         2         3        4         1          2         3         4          1         2         3         4 
  M         a         b         c        d           a          b         c         d         1         2          3         4 
14 + 15 
≈ 800  
≈ 400  
≈ 200  
bp 
bp 
≈ 200  
Primer 
pair 
 
 
 
 
117 
 
In order to generate large amounts of pDNA, E. coli was transformed with the vectors with miniprep 
pDNA isolated and characterised by restriction digestion (Figure 4.6). Clones of each plasmid were 
selected for strain storage with the pLEVCanRrAREV clone used to inoculate a large volume of LB 
medium followed by isolation and characterisation of maxiprep pDNA by PCR and restriction 
digestion (Figure 4.7). The cloned pDNA achieved the expected fragment sizes for the two plasmid 
specific primer pairs and the primer pair to detect atpB within the LF region. The fourth primer pair, 
to detect the native plastid control gene accD, was only expected to achieve a fragment for NT gDNA, 
as only one of the primer sites is present within the plasmid. However a fragment for the size expected 
is clearly visible (Figure 4.7). Both original and cloned pLEVCanRrAREV were sequenced using the 
primers numbered 13 (accDCanR), 7 (CanIGaadAF) and 9 (aadAFOR3) (GenScript) with analysis of 
results by sequence alignment indicating that the cloned plasmid was as expected for the regions 
analysed (Appendix 3). It was likely that the unusual PCR result was due to contamination and it was 
decided to attempt transformation of E. coli and culture under cooler and slower growth conditions by 
seeding progressively larger cultures at room temperature over a week as advised for the similar 
potato vectors (Pers. comm. S. Whitney), with isolated pDNA screened by PCR achieving expected 
fragment sizes for the primer pairs (Figure 4.8).  
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Figure 4.6 Restriction digestion of pLEVCanRrA clones using the restriction enzymes BamHI and HindIII. A) 
Undigested pLEVCanRrAFOR original and clones. B) Digested pLEVCanRrAFOR original and clones.  
C) Undigested pLEVCanRrAREV original and clones. D) Digested pLEVCanRrAREV original and clones. 
M) Hyperladder 1 (5 µL), 1) pLEVCanRrAFOR original, 2-7) pLEVCanRrAFOR clones, 8) pLEVCanRrAREV 
original, 9-14) pLEVCanRrAREV clones. 
  
  M        1         2          3        4          5         6         7   
  M        1         2          3        4          5         6         7       1         2          3         4         5        6         7 
  M       8         9        10       11       12        13      14       8         9         10       11      12       13        14 
  M        8         9          10      11       12       13      14    
≈ 6.3 
≈ 5.2 
≈ 7.4 
≈ 1.1 
≈ 7.4 
≈ 6.3 
≈ 5.2 
≈ 1.1 
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Figure 4.7 Molecular characterisation of pLEVCanRrA plastid transformation vectors. A) PCR to detect 
transgenes. 1) pLEVCanRrAREV original, 2) pLEVCanRrAREV clone, 3) NT gDNA B. napus, 4) No DNA. 
Primer pair numbers are in reference to Table 2.2, with location of primers indicated in Figure 2.2 (Chapter 2). 
B) Restriction digestion of pLEVCanRrAREV using the enzymes BamHI alone, BamHI + HindIII in 
combination & no digestion (left to right). 1) pLEVCanRrAREV original, 2) pLEVCanRrAREV clone 
  
  M      1        2        3       4        1        2        3       4       1        2        3       4       1        2        3       4       M 
  M      1        2        1        2        1      2     
Primer 
pair 
 
 
4 + 5 6 + 7 14 + 15 12 + 13 
800  
400  
200  
bp 
 
 
120 
 
 
 
Figure 4.8 PCR to detect transgenes. M) Hyperladder 1 1) pLEVCanRrAREV original, 2) pLEVCanRrAREV 
clone, 3) NT gDNA B. napus, 4) No DNA. Primer pair numbers are in reference to Table 2.2 (Chapter 2). 
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4.3.2 Plant material 
In vitro NT shoot cultures were initially established using MS medium in glass jars with vented lids 
for use in biolistic experiments. During the regeneration stage of initial experiments the laboratory 
growth room was contaminated by thrips, resulting in loss of both NT shoot cultures and explant 
tissue from early transformation experiments with the vector pZB1. New in vitro shoot cultures were 
established using RS medium (Dovzhenko, 2001) (Appendix 1) in vented glass jars (Figure 4.9). 
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Figure 4.9 In vitro NT shoot cultures of B. napus. Top) Approximately 6 week old in vitro NT B. napus shoot 
on RS medium, side on and from above (L-R). Bottom) NT B. napus approximately one week after the third 
subculture to fresh RS medium (Left). NT B. napus in vented jars approximately 4 weeks after second 
subculture in growth room (Right). In vitro shoots were subcultured a maximum of four times then discarded 
with fresh in vitro stock established from seed. Scale bars = 1cm. 
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4.3.3 Plastid transformation and regeneration: biolistics 
Biolistics for plastid transformation using the Brassica specific plastid transformation vector, pZB1 
(Chapter 2, Figure 2.3) were undertaken, with either young fully expanded leaves (Akasaka-Kennedy 
et al. 2005) or cotyledons (Cheng et al. 2010) trialled as target tissue. Callus tissue was successfully 
generated for both tissue types and regeneration protocols. The selection protocol of 30 mg/L 
spectinomycin was validated as suitable for both leaf and cotyledon explant tissue although it was 
noted that as little as 10 mg/L spectinomycin resulted in all tissue being bleached within 5 weeks 
(Figure 4.10). However as previously mentioned, due to thrips contamination within the laboratory 
growth room, all tissue was discarded prior to transfer to shoot induction medium.  
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Figure 4.10 Validation of selection protocol for the plastid transformation of B. napus. A) NT B. napus leaf 
tissue after 5 weeks growth on callus induction medium. The tissue growing on medium with no selection 
pressure (left) has green callus growing from the all of explants. Tissue growing on medium with 10 mg/l 
spectinomycin (right) has only bleached callus present, viewed from above and below respectively.  
B) B. napus leaf explant tissue from biolistics using the vector pZB1, 4 weeks after transfer to callus induction 
medium. Non-bombarded leaf tissue growth on callus induction medium without selection pressure led to bright 
green callus present on all explants (left). Non-bombarded leaf tissue growth on callus induction medium with 
30 mg/L spectinomycin resulted in bleaching of all tissue with only bleached callus present (centre). Bombarded 
leaf tissue growth on callus induction medium with 30 mg/L spectinomycin, with no obvious green callus 
visible, however not all mesophyll tissue was bleached. Scale bars = 1cm. 
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As it appeared both protocols for leaf and cotyledon tissue could successfully generate NT green 
callus tissue and with consideration to the time frame of the project, it was decided to proceed to 
biolistics for plastid transformation using the pLEVCanRrAREV vector for replacement of rbcL with 
the bacterially derived rbcM (Figure 4.1). Three rounds of biolistics, a total of 45 bombardments, 
were undertaken with cotyledons as target explant tissue. After growth on callus induction medium 
for 4-8 weeks, all tissue, including NT controls growing without selection pressure, became 
yellow/brown and necrotic (Figure 4.11). It was decided to not proceed with this protocol any further. 
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Figure 4.11 B. napus cotyledon explant tissue prior to discarding, 6 weeks after transfer to callus induction 
medium. A) NT cotyledon tissue growing on callus induction medium without selective pressure;  
B) NT cotyledon tissue growing on callus induction medium with 30 mg/L spectinomycin as selective agent.  
Scale bars = 1cm. 
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Six rounds of biolistics, a total of 105 bombardments, were undertaken with leaf mesophyll tissue as 
target explant tissue. After transfer to shoot induction medium, NT tissue without selection pressure 
generated green shoots while NT with selection pressure resulted in bleached or purple shoots only 
(Figure 4.12). Bombarded callus was transferred after three weeks callus growth for the first two 
rounds of bombardment, with callus induction extended to a minimum of 8 weeks for remaining 
rounds. Although leaf explant tissue tolerated extended callus growth, achieving some green and 
yellow/ pale green callus under selection and able to be maintained for greater than six months, the 
majority of tissue became bleached then necrotic after transfer and growth on shoot induction medium 
(Figure 4.13). Plantlets were able to be regenerated from NT control tissue that had been bombarded 
with gold particles without bound pDNA, after one month growth on callus induction medium 
followed by transfer to shoot induction medium without selection pressure (Figure 4.14). The 
regeneration rate of B. napus cv Westar for the leaf mesophyll regeneration protocol (Akasaka-
Kennedy et al., 2005) was determined by trials with basal medium being either Gamborg salts and 
vitamins (B5) or Murashige and Skoog salts with Gamborg vitamins (MSB5). Explants were grown 
on callus induction medium for four weeks, then transferred to shoot induction medium and counts 
made after four weeks growth. As biolistic transformation and regeneration experiments reported here 
had successfully generated callus but were not amenable to shoot induction, only shoots at least 5 mm 
long were counted. Regeneration rates were determined by total number of shoots/ total number of 
explants x 100. For B5 medium the regeneration rate was 25.7 % (±0.8) and for MSB5 medium the 
rate was 27.1% (±1.1).  
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Figure 4.12 Generation of green B. napus callus tissue, 4 weeks after transfer to callus induction medium 
flowing biolistics for plastid transformation. A) NT leaf explant tissue without selection pressure. All explants 
had bright green callus growth with some shoot and root structures apparent. B) Non-bombarded leaf tissue on 
callus induction medium with 30 mg/L spectinomycin resulted in bleaching of all tissue with only bleached 
callus present. C) Bombarded leaf explant tissue on callus induction medium with 30 mg/L spectinomycin with 
green callus apparent on some explants with remainder of explants bleached. Red arrows indicate green callus. 
Explants were viewed from above (LHS) and below (RHS). Scale bars = 1 cm. 
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Figure 4.13 B. napus leaf explants, 6 weeks after biolistics and 4 weeks after transfer to shoot induction 
medium. A) NT B. napus growth on medium without selection pressure. All explants have numerous green 
shoot structures visible. B) Close up of one of the NT B. napus explants with green shoots. C) WT B. napus 
growth on medium with selection pressure provided by 30 mg/L spectinomycin. All explants were bleached but 
still proliferating with bleached or purple shoots visible. D) Close up of one of the NT B. napus explants with 
purple shoots. E & F) Bombarded B. napus explants on shoot induction medium. Green and yellow/pale green 
callus only was transferred to shoot induction medium. No shoots were generated with tissue becoming either 
bleached or necrotic after further growth on shoot induction medium. Green callus was able to be returned and 
maintained on callus induction medium. Scale bars = 1 cm.  
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Figure 4.14 Regenerated NT B. napus plantlets. NT B. napus leaf explant tissue was bombarded with gold 
particles without bound pDNA. After 2 d in the dark, leaf tissue was sliced and placed on callus induction 
medium without selection pressure for 1 month then transferred to shoot induction without selection pressure for 
2 months. In vitro shoots were maintained on RS medium and generated roots.  
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4.3.4 Plastid transformation and regeneration: PEG-mediated DNA 
uptake to protoplasts 
Three trials of protoplast isolation were undertaken (Table 4.2) to determine the suitability of the 
protocol previously utilised for cauliflower (Nugent et al. 2006). Although none of the trials yielded 
an amount of protoplasts suitable for proceeding onto plastid transformation (Table 4.2; Figure 4.15), 
protoplasts from one trial were embedded in semi-solid medium. Microscopic examination of the 
trials revealed that the majority of isolated protoplasts’ cell membranes had burst, releasing cellular 
components, as apparent by the large number of free floating chloroplasts (Figure 4.15). 
After the first trials achieved low levels of viable protoplasts (Table 4.2) it was decided to investigate 
different pre-plasmolysis incubation times in order to reduce the osmotic pressure and thus prevent 
protoplasts from bursting. An increase in productivity to the minimum number of protoplasts required 
for the transformations steps was achieved by removing the pre-plasmolysis step entirely (Table 4.2). 
Two transformation experiments were undertaken using the vector pLEVCanRrAREV with a total of 
approximately 3.5 million protoplasts exposed to pDNA and were embedded in semi-solid medium. 
Initially, protoplasts laid down cell walls within the expected 2 days and began dividing with 
approximately 50% division achieved by 10 d (Figure 4.16; Table 4.2). Selection pressure was applied 
from 10 d using 30 mg/L spectinomycin. Embedded microcalli continued to divide and after 30 d, 
microcalli at least 2 mm in diameter were transferred to solid E medium (Figure 4.16). After transfer 
to solid medium, all calli became bleached within five weeks (Figure 4.16). 
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Table 4.2 B. napus protoplast isolation. Viability was only measured when a suitable yield of protoplasts (pps), 
at least 1 x 106 pps/g, for undertaking transformation was achieved. Trial 2 was contaminated during the 
isolation steps thus resulted in decreased viability of pps. Viability rate was determined as described (Figure 
4.3.5). It was determined that a pre-plasmolysis step was not required for isolation of B. napus protoplasts. 
Number pps embedded are the approximate total number of pps that underwent PEG-mediated DNA uptake 
using the plastid transformation vector pLEVCanRrAREV (Figure 4.1.2). 
Trial/ Pre-
plasmolysis (h) 
Fresh 
weight (g) 
Yield 
(pps/g) 
Viability 
(%) 
Number pps 
embedded 
1/2 1 3.5 x 105  N/A N/A 
2/2 1 1.75 x 106   N/A N/A 
3/2 1 1.9 x 105  N/A NA 
4/1 1 7.1 x 105  N/A N/A 
4/0.5 1 4.3 x 105  N/A N/A 
4/0 1 2.3 x 106  48 1 x 106 
5/0 2 1.74 x 106 51 2.5 x 106 
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Figure 4.15 Protoplast (pps) viability. Fluorescein diacetate was added to pps and incubated for 5 minutes prior 
to viewing. Fields of view were observed under bright light followed by UV with the total number of pps 
counted under bright light followed by total number of protoplasts stained greenish white in the same field of 
view. Viability rate of pps was determined by 𝒇𝒇𝒇𝒇𝒏𝒏𝒊𝒊𝒇𝒇𝒇𝒇 𝒇𝒇𝒇𝒇 𝒗𝒗𝒇𝒇𝒗𝒗𝒊𝒊𝒇𝒇𝒇𝒇 𝒑𝒑𝒇𝒇𝒇𝒇𝒑𝒑𝒇𝒇𝒑𝒑𝒇𝒇𝒗𝒗𝒇𝒇𝒑𝒑𝒇𝒇
𝒑𝒑𝒇𝒇𝒑𝒑𝒗𝒗𝒇𝒇 𝒇𝒇𝒇𝒇𝒏𝒏𝒊𝒊𝒇𝒇𝒇𝒇 𝒇𝒇𝒇𝒇 𝒑𝒑𝒇𝒇𝒇𝒇𝒑𝒑𝒇𝒇𝒑𝒑𝒇𝒇𝒗𝒗𝒇𝒇𝒑𝒑𝒇𝒇  × 𝟏𝟏𝟏𝟏𝟏𝟏. At least 10 fields of view were 
counted for each viability test. A) Pps and free floating chloroplasts viewed with bright light, 1000 x 
magnification. B) Non-viable pps and free floating chloroplasts under UV illumination, 1000 x magnification. 
Chloroplasts auto-fluoresce red under UV light. C) Pps isolated without pre-plasmolysis step under bright light, 
400 x magnification. D) Pps isolated without pre-plasmolysis step under UV illumination, 400 x magnification. 
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Figure 4.16 Regeneration of B. napus from protoplasts. A + B) NT and treated pps, 10d after embedding in 
semi-solid medium, 100 x magnification. C + D) NT and treated microcalli transferred to solid medium at 30 d. 
E) Treated microcallus, 2 weeks after transfer to solid medium. Red arrows indicate presence of green tissue. F) 
Treated microcallus, 4 weeks after transfer to solid medium. Proliferation of bleached tissue has continued with 
no green tissue evident. Scale bars = 5 mm. 
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4.3.5 Molecular characterisation 
As green calli generated from biolistics could be maintained, although unable to generate shoots, 
using the method as described, green calli were sampled and gDNA isolated. It was noted that the 
callus samples were quite hard and very difficult to grind during the gDNA isolation. gDNA was 
screened by PCR for presence of transgene with no transgenes detected (Figure 4.17).  
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Figure 4.17 PCR to detect transgenes. Genes detected by the primer pair (numbering relates to table 4.2.1) and 
expected fragment sizes were as follows. A) gene insert (2 + 8), ≈ 2.79 kb (transgenes); B) rbcL (10 + 11), ≈ 
300 bp (native gene); C) LHS: rbcM (4 + 5), ≈ 800 bp (transgene) and RHS: aadA (6 + 7), ≈ 800 bp (transgene) 
M) Hyperladder 1 (5µL); 1-5) B. napus callus gDNA; NT) Non transformed B. napus gDNA; P) Plasmid DNA 
as control. –) Negative control of no DNA. 
  
  M          1           2           3           4           5          NT       P         -     
  M          1           2           3           4           5        NT         P        -     
 M        1       2       3       4       5        P      NT       -     E        1       2        3       4        5         P       NT   -   
800 bp 
300 bp 
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4.4 Discussion of results 
4.4.1 Plastid transformation vector 
Appropriate flanking regions were determined and the annotated gene sequence was forwarded to 
Assoc Prof Whitney for construction by Genscript. The vectors were received and characterised with 
both vectors achieving the expected digestion patterns with the selectable marker gene, aadA, detected 
by PCR (Figure 4.4). Large amounts of pLEVCanRrAREV were generated however, for the primers 
to detect accD, an unexpected fragment was achieved. Gene sequencing of the original vector 
suggested that the unexpected result was most likely due to contamination. The strain was retrieved 
from strain storage and large amounts of pDNA generated by progressively seeding larger broths, 
with inoculated broths cultured at 21°C.   
4.4.2 Plastid transformation: biolistics 
A number of factors may be responsible for the poor response of B. napus to plastid transformation 
reported here. For biolistics, it is unlikely to be due to the biolistic process itself as tissue bombarded 
with gold particles alone without bound pDNA was able to regenerate plantlets (Figure 4.14), 
implying there is another factor at play. The genetic transformation of plants is reliant on the ability to 
regenerate plantlets from donor plant tissue. The regeneration capability of Brassicaceae is known to 
vary greatly with species, variety and donor tissue type used (Akasaka-Kennedy et al., 2005, Bhalla 
and Singh, 2008, Hu et al., 1999). Another factor known to affect the amenability of plant species to 
plastid transformation and regeneration is the selection system utilised, discussed further below 
(Section 4.4.4) 
4.4.2.1 Explant tissue type 
It was unclear as to why the regeneration protocol for cotyledons was unsuccessful (Figure 4.11). The 
majority of reports for transformation of B. napus have focused on nuclear transformation and thus 
explant tissue type is typically selected based upon response to Agrobacterium (Bhalla and Singh, 
2008), and includes cotyledons, cotyledon petioles and hypocotyls. These tissue types are known to 
contain meristematic tissue, allowing for high rates of regeneration following Agrobacterium uptake 
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(Bhalla and Singh, 2008). The cotyledon explant protocol was previously utilised for the generation of 
heteroplasmic B. napus plastid transformants, achieving a transformation rate of 1 heteroplasmic 
transformant for every 4 bombardments (Cheng et al., 2010). However, the regeneration rate for the 
non-transformed B. napus was not reported and it is unclear if the plant species, variety or donor 
tissue type were factors in the reduced transformation rate compared to tobacco (Cheng et al., 2010).  
One factor that may have been involved was the modification to the published regeneration protocol, 
of extended growth on callus induction medium from four weeks to a minimum of six weeks. 
However, there are reports of other Brassicaceae species having extended callus growth and still being 
amenable to regeneration of plantlets (Nugent et al. 2006), so it is unlikely that extension of just two 
weeks extra callus induction led to the subsequent failure of shoot regeneration.  
4.4.2.2 B. napus variety 
Another factor may have been the amenability for regeneration of the cultivar selected for 
experiments. B. napus plantlets could be regenerated from non-transformed leaf mesophyll tissue with 
four weeks callus induction prior to shoot induction (Figure 4.14). However, after extended growth on 
callus induction medium, usually required for plastome sorting (Maliga, 2004, Svab et al., 1990, Svab 
and Maliga, 1993), neither the non-transformed nor bombarded callus tissue was amenable to 
regeneration and turned necrotic when transferred to shoot induction medium. The RMIT Plant 
Biotechnology Laboratory had a supply of B. napus cv Westar that was used here. As there are a 
number of reports for the nuclear transformation and/or regeneration of this cultivar (Akasaka-
Kennedy et al., 2005, Bhalla and Singh, 2008, Cardoza and Stewart, 2003, De Block et al., 1989, 
Maheshwari et al., 2011, Moloney et al., 1989), using a variety of explant tissue types and 
regeneration media, regeneration tests were overlooked at the start of the project. After many months 
of attempting to induce shoots from green calli generated after biolistics, it was decided to undertake a 
regeneration test using the leaf mesophyll tissue regeneration protocol (Akasaka-Kennedy et al., 
2005) with results indicating that the Westar cultivar was not the optimum choice for this particular 
protocol. Akasaka-Kennedy determined the bud regeneration rate of a number of varieties, including 
Westar being > 80%, however did not report how many buds developed into shoots or plantlets. Here, 
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only shoots at least 1 mm in length were counted, which may account for the large difference in 
regeneration rate reported here. Perhaps, if bud formation had been counted instead, a higher 
regeneration rate could have been reported. However, as the shoots are a later developmental stage, 
arising from buds amenable to regeneration, the reduced rate implies that not all buds formed will 
generate into shoots, thus counting shoots should give a more accurate rate of regeneration than just 
counting bud formation. 
4.4.3 Plastid transformation: PEG-mediated pDNA uptake to protoplasts 
4.4.3.1 Protoplast isolation 
In order to progress the research further it was decided to undertake experiments for the plastid 
transformation of B. napus via PEG-mediated uptake of DNA to B. napus protoplasts (Nugent et al. 
2006). Protoplast isolation and transformation is considered a technically difficult but routine 
procedure. Initial trials indicated that although regeneration of shoots was achievable, the yield of 
protoplasts required a twenty fold increase in order to proceed to transformation experiments (Table 
4.3.2). During the protoplast isolation steps, it was noted that large pellets were achieved. Previously 
published protocol for isolation of protoplasts from lettuce leaf mesophyll tissue (Lelivelt et al., 2014) 
noted that large pellets indicated that the many of the isolated protoplasts had ruptured, releasing 
cellular components. Microscopic examination revealed that cell membranes had indeed ruptured and 
released the cellular components, rendering protoplasts non-viable (Figure 4.15). It was thus decided 
to attempt protoplast isolation with varying pre-plasmolysis stage, with removing pre-plasmolysis 
completely leading to an increased yield of protoplasts. However this yield was not increased 
dramatically, with only the minimum required for transformation experiments to be undertaken 
achieved (Table 4.2).  
Other factors not investigated here may be the preparation of tissue for exposure to enzymes, the 
enzyme concentrations and the enzymatic incubation time. Rather than slicing leaf tissue, which can 
be time consuming and damage cells, mechanical removal of the lower epidermal layer, using a tape 
sandwich has been shown to be an efficient alternative (Wu et al., 2009). Development of a similar 
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protocol for B. napus may be gentler than the method used here, reducing ruptured cells, thus 
potentially leading to an increased protoplasts yield. 
The method utilised was developed for the isolation and transformation of B. oleracea var botrytis 
protoplasts (Nugent et al., 2006). There are many other reports of plant protoplast isolation using 
varying concentrations and incubation times of cellulase and macerozyme, the enzymes used for 
degrading cell walls (Barsby et al., 1986, Chikkala et al., 2009, Lelivelt et al., 2014, Nugent et al., 
2006). In retrospect, it would have been desirable to investigate a number of treatments and determine 
protoplast yield thus developing an optimal protocol suitable for the species and variety used here. 
4.4.3.2 Protoplast transformation 
PEG-mediated uptake was used here to introduce the plastid transformation vector pLEVCanRrAREV 
into protoplasts. This approach has been routinely used for the nuclear transformation of many 
different B. napus varieties as well as other Brassicaceae spp. As mentioned previously, plastid 
transformation in a Brassicaceae species, using PEG-mediated uptake (Nugent et al. 2006) achieved 
one transformation event for over 6 million protoplasts exposed. Here, although callus with pale 
green/yellow tissue was achievable when microcalli were still embedded (Figure 4.16), when 
transferred to solid medium for further callus growth, green tissue was quickly outgrown by the 
surrounding bleached tissue with no evidence of green tissue present within five weeks on solid 
medium with selection pressure (Figure 4.16). As for biolistics, discussed above (Section 4.4.2), this 
may be due to the response of Brassicaceae species to spectinomycin. 
4.4.4 Selection systems 
The most utilised selection system for plastid transformation is the aminoglycoside 3"-
adenylyltransferase gene, aadA, conferring tolerance to spectinomycin and streptomycin and shown to 
be highly successful in tobacco and other Solanaceae species (Ruf et al., 2001, Svab and Maliga, 
1993, Valkov et al., 2011). Under spectinomycin selection, non-transformed tissue becomes bleached 
due to spectinomycin binding to 16S rRNA and thus preventing translation on 70S plastid ribosomes. 
For Solanaceae species such as tobacco and potato, this leads to inhibition of greening and reduced 
cell proliferation of non-transformed tissue. In tissue with plastids that have taken up the aadA gene, 
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the product, aminoglycoside 3"-adenylyltransferase protein, degrades spectinomycin, preventing it 
from binding to 16S rRNA and thus allowing greening and cell proliferation (Svab and Maliga, 1993). 
Only transformed tissue will be green with cell proliferation occurring as normal, thus outgrowing 
non-transformed bleached tissue and making transformed tissue readily identifiable. The 
concentration of spectinomycin typically used for Solanaceae species is ≈ 400-500 mg/L (Valkov et 
al., 2011, Zhang et al., 2015). For B. napus, and other Brassicaceae species, spectinomycin selective 
pressure can be provided by very low concentrations ≈ 10-30 mg/L with tissue responding very 
quickly to the pressure by bleaching within 7 days (Cheng et al., 2010, Liu et al., 2007, Nugent et al., 
2006). The response of B. napus to spectinomycin observed here differed from that of Solanaceae 
species, with non-transformed tissue becoming bleached but cell proliferation not appearing reduced 
to the same extent as seen in tobacco or potato, allowing it to out or over grow any green tissue 
(Figure 4.13 & 4.16). Brassicaceae species such as B. napus and Arabidopsis are known to respond 
differently to Solanaceae species, with B. napus retaining the ability to for cell proliferation and 
regeneration, resulting in bleached or purple shoots (Yu et al., 2017, Zubko and Day, 1998).  
Recently, genetic analysis of Arabidopsis lines that were super sensitive to spectinomycin revealed 
mutations within acc2 gene, contained within the nuclear genome (Parker et al., 2016). acc2 encodes 
a monomeric acetyl-CoA-carboxylase (ACCase). ACCase is involved in fatty acid biosynthesis. 
Production of heteromeric ACCase is halted by spectinomycin blocking plastid translation, preventing 
translational of a chloroplast encoded subunit, accD. Thus, in the presence of spectinomycin, fatty 
acid biosynthesis can still occur due to the non mutated acc2 gene product, leading to a reduced 
transformation efficiency. However, knockout of acc2 leads to a requirement for heteromeric ACCase 
for fatty acid biosynthesis to occur (Parker et al., 2016, Yu et al., 2017).  
In Arabidopsis, knock down of acc2 allowed for generation of plastid transformed cells, however the 
lines were not amenable to tissue culture and regeneration of fertile transplastomic plants (Yu et al., 
2017). This issue was recently overcome by combining acc2 knockdown lines with the utilisation of a 
different target tissue (Ruf et al., 2019). Leaf mesophyll tissue is considered an optimum target due to 
the large copy number of green chloroplasts actively expressing a number of genes. Ruf et al. (2019) 
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developed a root callus tissue culture and regeneration system used to plastid transform acc2 
knockdown Arabidopsis, substantially increasing transformation efficiency to 1 transplastomic for 
every 3 shots. There is potential that development of similar knockdown lines and tissue culture 
systems for other Brassicaceae species may allow for increase in transformation efficiency and thus 
allowing for rbcL replacement. 
Alternative selection methods have been investigated that may be more suitable for B. napus and 
other Brassicaceae that do not have the same response as Solanaceae species to spectinomycin and 
appear to be particularly sensitive (Barone et al., 2009, Dunne et al., 2014, Huang et al., 2002, Li et 
al., 2011). For example, a cytokinin based positive selection system, utilising the ipt gene derived 
from Agrobacterium tumefaciens gene that has been used previously for nuclear transformation has 
been adapted for plastid transformation (Dunne et al., 2014). The ipt gene product, isopentanyl 
transferase, allowed for growth of transplastomic plants without the presence of exogenous cytokinin 
plant growth regulator (Dunne et al., 2014). Another strategy utilised the bacterially derived cat gene 
that encodes the enzyme chloramphenicol acetyltransferase, thus conferring tolerance to the antibiotic 
chloramphenicol by preventing binding of the antibiotic to 70 ribosome (Li et al., 2011). Although 
transformation efficiency using the cat selection system was reduced compared to the aadA selection 
system, the cat selection system offered the advantage of removing the issue of spontaneous antibiotic 
resistance, typically observed when using spectinomycin (Li et al., 2011). Further investigation of 
these alternative strategies for selection transplastomic plants within crop species may lead to an 
increase in the number of species amenable to plastid transformation, thus allowing for further 
extension of Rubisco replacement research. 
4.5 Conclusions 
4.5.1 Addressing the chapter aims and questions 
Unfortunately, the overall aim for the chapter, rbcL replacement in B. napus and the generation of a 
canola-rubrum master line was not achieved within the timeframe of the project. However, as 
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discussed above, there is still potential for one of the two transformation systems, biolistics or PEG-
mediated uptake, to be suitably modified for transformation and regeneration of B. napus using leaf 
mesophyll tissue.  
4.5.2 Future research 
The regeneration amenability of leaf mesophyll tissue from different B. napus varieties is an 
important consideration prior to continuation of this work. Thus, determining the leaf mesophyll 
regeneration rate for a number varieties would assist in selection of a suitable variety for further use.  
Brassicaceae are known to exhibit a range of response across both species and varieties and B. napus 
is no exception (Akasaka-Kennedy et al., 2005, Bhalla and Singh, 2008, Maheshwari et al., 2011). It 
would be ideal to select a few varieties with high regeneration rates already reported then compare the 
response of leaf mesophyll tissue to both biolistics and the regeneration protocol, however, this was 
outside the scope and timeframe of the current project. 
The selection system used is also another important consideration, although as discussed, the use of an 
acc2 null mutant improved the Arabidopsis response to the aadA selection system (Yu et al., 2017). 
Thus, the use of an alternative selection system would be worthwhile exploring, as would the 
development of other Brassicaceae acc2 knockdown lines.  
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Chapter 5 Nuclear transformation of 
S. tuberosum and/or B. napus for 
overexpression of BSDII 
5.1. Introduction  
As discussed in Chapter 1, there are a number of chaperone proteins implicated in the assembly and 
accumulation of Rubisco, including Cpn (Hemmingsen et al., 1988), RbcX (Aigner et al., 2017), Raf I 
and II (Feiz et al., 2012, Wostrikoff and Stern, 2007) and BSDII (Brutnell et al., 1999).  
5.1.1 Rubisco chaperones 
There has been extensive research regarding the roles of Cpn and RbcX in the assembly of 
cyanobacterial Rubisco, contributing to an understanding of the role of chaperone proteins in the 
cyanobacterial chloroplast (Hayer-Hartl et al., 2016, Onizuka et al., 2004, Saschenbrecker et al., 2007, 
Vitlin Gruber et al., 2013). In higher plants, the Cpn complex, consisting of two subunits Cpn60a and 
Cpn60b and two cofactors, Cpn20 and Cpn10, mediates folding of the LSU (Bracher et al., 2017, 
Hayer-Hartl et al., 2016, Vitlin Gruber et al., 2013). Although well defined in cyanobacteria (Li and 
Tabita, 1997, Onizuka et al., 2004, Saschenbrecker et al., 2007), the role of RbcX in higher plant 
Rubisco assembly is not as clear. It is presumed that higher plant RbcX would act in a similar manner 
to cyanobacterial RbcX and assist in the assembly and stability of the L8 complex before being 
displaced by the incorporation of SSU. However, the assembly of Arabidopsis Rubisco in E. coli, 
discussed further below, revealed that BSDII may act similar to RbcX in cyanobacteria thus implying 
that RbcX may have a reduced, or even different, role in higher plants (Aigner et al., 2017). The 
assembly chaperones RAFI and II have been implicated in the folding of the LSU and assembly of 
L8S8 holoenzyme. RAFI assists in the assembly of the L8 complex and it has been hypothesised that 
RAFII assists in the incorporation of SSU into the L8S8 holoenzyme (Aigner et al., 2017). However, 
the underlying mechanism of this process remains unclear.  
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5.1.2 Bundle sheath defective II 
BSDII has been implicated in both posttranslational regulation of rbcL and assembly of L8S8 Rubisco 
(Aigner et al., 2017, Wostrikoff and Stern, 2007). BSDII has a high level of homology to DNA-J like 
proteins and was thus thought to be involved in preventing aggregation and aiding the correct folding 
of the polypeptide chain of L-subunit (Brutnell et al., 1999). Down regulation of BSDII in N. tabacum 
to 10% of wild type mRNA levels led to a 25% reduction of L-subunit, providing evidence for BSDII 
involvement in L-subunit accumulation (Wostrikoff and Stern, 2007). Being found only in higher 
plants and algae, both of which have Form1A Rubisco (Chapter 1, Figure 1.1), BSDII likely arose 
after the evolution of chloroplasts (Bracher et al., 2017). Recently, the important result of assembly of 
higher plant Rubisco in E. coli was demonstrated with the assistance of five complementary 
chaperones, including BSDII (Aigner et al., 2017). These results implicate BSDII as a late stage 
assembly factor that forms an L8BSDII8 complex prior to incorporation of SSU, thus providing 
stability to L8 complex and preventing aggregation. It therefore plays a similar role to that of rbcX in 
cyanobacteria (Aigner et al., 2017). 
5.1.3 Overexpression of Rubisco chaperones 
As all the chaperone proteins mentioned here are expressed from the nuclear genome, overexpression 
of chaperone proteins is an attractive option for improving photosynthesis in monocot species such as 
maize and wheat that, thus far, have not proven amenable to plastid transformation techniques. For 
example, in maize, the overexpression of RAFI, alongside overexpression of LSU and SSU from the 
nuclear genome, led to a 30% increase Rubisco content and 15% increase in leaf CO2 assimilation 
(Salesse-Smith et al., 2018). 
5.1.4 Nuclear transformation for overexpression of BSDII 
The Rubisco chaperone BSDII gene is expressed from the nuclear genome and transported to the 
chloroplast. Therefore, in order to overexpress BSDII in either S. tuberosum or B. napus, nuclear 
transformation methods are needed. Nuclear transformation of S. tuberosum and B. napus, utilising 
Agrobacterium are well established (De Block et al., 1989, Moloney et al., 1989) and PEG-mediated 
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uptake and transformation is also established for both species. S. tuberosum has also been transformed 
using biolistics (Craig et al., 2006). 
5.1.5 Aims 
This Chapter reports work focussed on the overexpression of BSDII protein in a C3 crop species. 
Novel nuclear transformation plasmids were constructed and used to introduce the S. tuberosum or  
B. napus BSDII sequence to the nuclear genome of S. tuberosum and/or B. napus respectively to 
overexpress BDSII protein. 
The RMIT Plant Biotechnology Laboratory has a transformation vector pGUSHYG (provided by T. 
Kavanagh) that was adapted for transformation of the nuclear genome in S. tuberosum and B. napus 
for overexpression of BSDII, driven by the CaMV 35S promoter. Over expression of a S. tuberosum 
or B. napus gene homolog to BSDII identified in maize, and measurement of photosynthetic 
parameters, would further the knowledge base regarding the confirmation of the presence of a 
functional BSDII in S. tuberosum and B. napus as well as the role of BSDII in assembly of Rubisco in 
these two species.  
Research questions include: 
• Can a nuclear genome encoded chaperone gene such as BSDII be transformed into and 
overexpressed in S. tuberosum and/or B. napus? 
• Is accumulation of LSU altered in plants overexpressing the chaperone protein BSDII? 
• Is photosynthesis altered in plants overexpressing a chaperone protein? 
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5.2 Methods 
All methods were undertaken as described in Chapter 2 Material and Methods.  
5.3 Results 
5.3.1 Nuclear transformation vectors 
In order to overexpress BSDII, nuclear expression vectors were designed utilising pUC vectors, 
pUCpotatoBSDII and pUCcanolaBSDII, (Appendix 2), received from S. Whitney and a vector 
contained within the laboratory, pGUSHYG (Figure 2.4), received from T. Kavanagh. The 
pUCpotatoBSDII and pUCcanolaBSDII vectors contained two versions of BSDII nucleotide coding 
sequence. The first was the BSDII coding sequence for the native amino acid sequence with a transit 
peptide (TP) sequence included for transport to the chloroplast, with some codon (and thus 
nucleotide) changes (Appendix 2). The other coding sequence was the BSDII coding sequence, codon 
optimised for expression from the plastome, fused to an ubiquitin tag, and was not utilised here nor 
discussed further (Appendix 2) 
Due to time constraints of the project, vectors containing the S. tuberosum or B. napus TP-BSDII 
expression cassettes, pUCStBSDII and pUCBnBSDII and a bacterial selectable marker gene 
conferring resistance to either kanamycin or ampicillin were designed (Figure 2.5), with synthesis and 
construction undertaken by GenScript. Restriction site analyses of both the pUC vectors were 
undertaken using Vector NTI software. The pGUSHYG vector was digested with HindIII, followed 
by gel isolation of the smaller fragment, in order to isolate the hpt expression cassette insert, included 
for selection of transformed plant tissue. The pBnBSDII and pStBSDII plasmids were linearised by 
digestion with HindIII. The hpt expression cassette insert and linearised vectors were ligated with T4 
ligase before being transformed into E. coli NEB5α to yield the nuclear transformation vectors 
pBnBSDIIHYG and pStBSDIIHYG (Section 2.2.4; Figure 2.5). Miniprep pDNA isolation was 
undertaken as described (Chapter 2.2.5), and the presence and orientation of the hpt expression 
cassette relative to the BSDII expression cassette were determined by PCR (Figure 5.1). It was 
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expected that vectors with the hpt expression cassettes in the forward orientation would achieve a 
positive result for the primer pair 22 + 21 for pStBSDIIHYG and primer pair 22 + 19 for 
pBnBSDIIHYG, while those with the insert in the reverse orientation would achieve a positive result 
with the primer pair 23 + 21 for pStBSDIIHYG and primer pair 23 + 19 pBnBSDIIHYG. Results 
indicated a number of plasmids contained the insert in either the forward or reverse orientation for 
both constructs (Figure 5.1).  
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A 
 
 
 
 
B 
 
 
Figure 5.1 PCR to determine the orientation of hygromycin expression cassette. A) Screen for the orientation in 
putative pStBSDIIHYG. M) Molecular marker; 1-12) miniprep pDNA putative pStBSDIIHYG #1-12;  
13) Negative control - no DNA.  
B) Screen for the orientation in putative pBnBSDIIHYG. M) Molecular marker, Hyperladder 1 (5 µL); 1-13) 
miniprep pDNA putative pBnBSDIIHYG; 14) Negative control - no DNA). 
  
 M      1      2      3      4      5      6      7      8      9     10    11    12     13     14     1      2       3     4      M 
 M      5      6      7      8       9     10     11    12    13    14 
23 + 19 
22 + 19 
 M      1       2      3       4       5       6      7       8      9      10     11     12     13   
Primer 
pair 22 + 21 
 M      1       2      3       4       5       6      7       8      9      10     11     12     13   
23 + 21 
Primer 
pair 
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Single inserts of the hpt expression cassette were confirmed by restriction digest using the enzymes 
BamHI alone and in combination with HindIII (Figure 5.2). Vectors digested with BamHI alone with 
the insert in the reverse orientation would be expected to reveal two fragments, ≈ 3.65 kb and 2.66 kb, 
while vectors with the insert in the forward orientation would reveal two fragments, ≈ 5.05 and 1.16 
kb. Vectors with a double insert in either orientation would provide an additional fragment, ≈ 2 kb. 
Results indicated that both the selected pStBSDIIHYG and pBnBSDIIHYG constructs were not 
completely digested with BamHI alone with all samples producing a band ≈ 6.2 kb, the size of the 
vectors, however, the digestion patterns of the remaining fragments indicated that constructs with 
single hpt cassette inserts for each orientation were obtained (Figure 5.2).  
Vectors digested with BamHI in combination with HindIII were expected to produce four fragments  
 ≈ 3 kb (backbone + BSDII/nos3’), ≈ 2 kb (pnos/hpt), ≈ 860 bp (CaMV5’) and ≈ 300 bp (3’/hpt). All 
plasmids gave the expected digestion pattern (Figure 5.2). Vectors were renamed and placed in strain 
storage (Table 5.1). The vectors with the insert in the reverse orientation, pNAV364 (B. napus derived 
BSDII) and pNAV366 (S. tuberosum derived BSDII) were selected for use (Figure 2.6). Large 
amounts of pDNA were isolated using midi or maxi prep kits (Promega) and checked using PCR to 
confirm the presence of the transgenes (Figure 5.3). 
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Figure 5.2 Restriction digestion of putative pBSDIIHYG vectors for confirmation of orientation of single hpt 
expression cassettes. M) Molecular marker; 1) pStBSDIIHYG #7; 2) pStBSDIIHYG #9; 3) pBnBSDIIHYG #3; 
4) pBnBSDIIHYG #6. Fragment sizes indicated by arrows are approximations. Red arrow indicates the uncut 
pDNA, ≈ 6.2 kb. 
 
 
  
BamHI 
5 kb 
    M          1           2          3          4          1          2           3           4       
BamHI + HindIII 
Restriction enzyme(s) 
3 kb 
2 kb 
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Table 5.1 Name of vectors for strain storage. Construct referred to the name prior to confirmation of single hpt 
expression cassettes. Orientation hpt refers to the orientation of hpt expression cassette relative to BSDII 
expression cassette. 
 
 
  
Name Construct Orientation hpt 
NAV363 BnBSDIIHYG #6 forward 
NAV364 BnBSDIIHYG #3 reverse 
NAV365 StBSDIIHYG #7 forward 
NAV366 StBSDIIHYG #9 reverse 
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A 
 
B 
 
Figure 5.3 PCR to detect the transgenes, hpt and BSDII in plasmid DNA for the transformation of B. napus (A) 
and S. tuberosum (B). Plasmids were described (Section 2.2.4). Numbering refers to primer pairs (Figure 2.6 
and Table 2.2).   
A) Characterisation of nuclear transformation vector for overexpression BSDII in B. napus. M) Molecular 
marker; 1) pNAV363; 2) pNAV364; 3) pUCBnBSDII as positive control for primer pair to detect BSDII; 4) 
pGUSHYG as a positive control for the primer pair to detect hpt; 5) negative control - no DNA.  
B) Characterisation of nuclear transformation vector for overexpression BSDII in S. tuberosum. M) Molecular 
marker; 1) pNAV366; 2) pUCStBSDII as positive control for primer pair to detect BSDII; 3) pGUSHYG as a 
positive control for the primer pair to detect hpt; 4) negative control - no DNA. 
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5.3.2 Plant material 
Non-transformed S. tuberosum and B. napus in vitro shoot cultures were maintained as described 
(Chapter 2, Section2.1). 
5.3.3 Nuclear transformation for overexpression of BSDII in  
S. tuberosum 
In order to overexpress the Rubisco chaperone BSDII, biolistics for nuclear transformation of  
S. tuberosum was undertaken using the nuclear transformation vector, pNAV366 with young, fully 
expanded leaves as described (Chapter 2.5). Twenty biolistic bombardments were undertaken and 
green calli generated under selection pressure provided by hygromycin (10 mg/L). Calli were 
transferred to shoot induction medium with increased selection pressure provided by hygromycin (15 
mg/L), leading to the generation of very small, pale, spindly shoots (Figure 5.4). Upon transfer to 
basal medium with a further increase in selection pressure provided by hygromycin (20 mg/L) all 
shoot tissue browned and died within 3-4 weeks. Further putative shoots were generated from 
remaining green calli, again very small, pale and spindly. To determine if the previous shoots died due 
to an increase in selection pressure by hygromycin to 20 mg/l or rather, due to transfer to basal 
medium without plant growth regulators, putative potato BSDII shoots were transferred to both shoot 
induction medium and basal medium with selection pressure provided by the increased hygromycin 
(20 mg/L) for both media. Within weeks, the putative shoots growing in basal medium browned and 
died while the tissue growing on shoot induction medium continued to grow and generate further 
small, pale spindly shots thus indicating that there was another factor apart from increased 
hygromycin concentration preventing growth of the putative shoots on basal medium. 
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B 
 
Figure 5.4 Bombarded S. tuberosum tissue. A) Green callus and shoots grew under selection on shoot induction 
medium. NT tissue turned brown and died. B) Green callus grown on shoot induction medium under selection 
generated small, spindly, curling shoots. Scale bars = 1 cm. 
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5.3.4 Nuclear transformation for overexpression of BSDII in B. napus 
To determine B. napus cv Westar sensitivity to the selective agent, hygromycin, four replicate plates 
for each hygromycin concentration (0, 5, 10, 15 and 20 mg/L) were prepared with 10 explants placed 
on each. Explants were fully expanded young leaves excised from in vitro non-transformed (NT) 
shoot cultures and cut into ≥ 3 mm2 pieces. After four weeks growth, explants were scored as green or 
bleached, ± callus growth, and ± shoot growth (Table 5.2). As expected, all explants growing on the 
treatment with 0 mg/L hygromycin remained green with callus and 25% had shoot growth (Table 5.2). 
For the 5 mg/L hygromycin treatment, 40% explants were still fully or partially green or pale green 
indicating that this concentration did not apply a suitable level of selection against NT tissue (Table 
5.2). Both 10 and 15 mg/L hygromycin treatments had 100% of explants bleached, and although 2.5% 
explants on 20 mg/l hygromycin treatment appeared green, on closer inspection, it was apparent that 
there was only one explant from the total that remained green that had not been in contact with the 
medium and thus was not exposed to the pressure provided by hygromycin (Table 5.2). Thus it was 
determined that 15 mg/L hygromycin was a suitable concentration to be used to provide selection 
pressure. 
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Table 5.2 B. napus cv Westar sensitivity to hygromycin. There were four replicates of each treatment with 10 
explants per replicate (n =10). 
Hygromycin 
concentration 
(mg/L) 
Green 
Explantsa 
(%) 
Bleached 
Explantsb 
(%) 
Callus 
growthc 
(%) 
Shoot 
growthd 
(%) 
0 100 0 100 25 
5 40 60 32.5 0 
10 0 100 0 0 
15 0 100 0 0 
20 2.5 97.5 0 0 
aAverage No. green explants/sample size x 100 
bAverage No. bleached explants/sample size x 100 
cAverage No. explants with callus growth/sample size x 100 
dAverage No. explants with shoot growth/sample size x 100 
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5.3.4.1 Protoplast isolation 
Protoplast isolation was undertaken as described (Chapter 2.4.3) with yield, viability and total number 
of protoplasts used here as described in Trial 5 (Chapter 4.3, Table 4.2). 
5.3.4.2 Nuclear transformation and regeneration of protoplasts 
PEG mediated DNA uptake to B. napus protoplasts was undertaken using the vector pNAV364 and 
green microcalli were generated under selection of hygromycin (20 mg/L). After 30 days growth 
when approximately 1-2 mm diameter, over 100 putative nuclear transformed B. napus microcalli 
were transferred to solid medium, with 14-16 explants per plate x 10 plates transferred. After transfer 
to solid medium, it initially appeared that a number of putative transformed microcalli had been 
generated, as evidenced by green callus tissue growing under selection (Figure 5.5). However after 
further growth under selection most of the green callus tissue browned and died. A small number of 
green calli were cycled through regeneration media (Figure 5.5), with all tissue becoming necrotic 
when transferred to basal medium with hygromycin (20 mg/L) and without plant growth regulator for 
shoot outgrowth. 
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Figure 5.5 Regeneration of B. napus from protoplasts. A) Microcalli 20 days after treatment with pNAV364. 
Magnification 40x. B) NT microcalli 20 days after no treatment. 40 x magnification. C) Treated microcalli two 
weeks after transfer to solid medium with hygromycin selection. Red arrows indicate green microcalli with the 
remainder being bleached or browned. D). Green NT microcalli two weeks after transfer to solid medium 
without selection pressure. Scale bars = 1 cm. 
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5.3.5 Protein analysis  
Total soluble protein (TSP) was extracted from green calli as described (Chapter 2) and protein 
concentration was determined by Bradford assay. Proteins were separated by SDS-PAGE then 
visualised using Coomassie blue stain as described (Chapter 2.6.4) (Figure 5.6). The LSU was 
expected to be highly visible, a bright band ≈ 52 kDa, with a smaller band ≈ 12-14 kDa being the SSU 
Rubisco. BSDII was not expected at ≈ 8 kDa on a Coomassie gel. Results (Figure 5.6) indicated the 
LSU Rubisco was affected dramatically with the tissue derived from bombarded S. tuberosum 
showing no LSU present (Figure 5.6). Interestingly, all of the samples appeared to have a faint band 
present of the size expected for SSU (Figure 5.6). Further the tissue derived from bombarded S. 
tuberosum had a clear band ≈ 35 kDa, not present in the NT sample. 
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Figure 5.6 TSP separated by SDS-PAGE and stained with Coomassie blue. M) HyperPAGE Protein marker; +) 
E. coli expressed BSDII protein; NT) NT S. tuberosum TSP; 1-8) TSP extracted from callus or shoot tissue 
generated from S. tuberosum bombarded with pNAV366.  
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5.4 Discussion of results 
5.4.1 Overexpression in S. tuberosum 
Although transformation experiments successfully generated green tissue, the shoots died without the 
presence of plant growth regulators (Figure 5.4), and thus sampling tissue for molecular 
characterisation was problematic. In order to sample enough tissue for TSP extraction pieces of green 
tissue comprising both callus and shoots were sampled from each plate, thus the TSP protein samples 
would likely be a mix of different transformation events. Obviously, this sampling technique is not 
suitable for isolating genomic DNA therefore limited characterisation was undertaken of treated 
tissue. 
As the shoots did not survive on basal medium, it was hypothesised that the assembly and 
accumulation of Rubisco, in particular the LSU, was compromised and thus photosynthesis and plant 
growth could not proceed. Comprising up to 50% TSP in NT TSP, the LSU was highly visible on 
SDS-PAGE stained with Coomassie blue. The transformed samples did not have a band at ≈ 52 kDa, 
corresponding to the size expected for LSU Rubisco (Figure 5.6). As mentioned, BSDII was not 
expected to be visualised on Coomassie gel and a western blot using specific antibodies to BSDII 
would be needed to confirm the presence of this protein (Figure 5.6). 
Recent research demonstrated that in tobacco, the overexpression of BSDII did not produce any 
discernible effect on the LSU and Rubisco content, leaf photosynthetic rate, or plant growth (Conlan 
et al., 2018). However, tobacco BSDII-RNAi transgenic plants deficient in LSU, and thus Rubisco, 
led to a phenotype with stunted shoot outgrowth and plantlets unable to sustain growth without in 
vitro assistance (Conlan et al., 2018); similar to the phenotype achieved here. It may be that the 
overexpression of BSDII in S. tuberosum induced endogenous RNA silencing thus, knocking out all 
production of BSDII, and leading to depleted LSU assembly and accumulation (Figure 5.6). Depletion 
of LSU would lead to decreased Rubisco, thus interfering with the ability of photosynthesis to 
proceed. The rbcL mRNA transcript level in tobacco BSDII-RNAi plants was not impaired (Conlan et 
al., 2018). Therefore it would be expected that if BSDII was silenced via RNA interference in the 
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S. tuberosum tissue, although there would be reduced LSU content, there would be no reduction in 
rbcL mRNA transcript. This could be confirmed by northern blotting or RT-PCR to determine the 
rbcL mRNA transcript level.  
There are other known issues with nuclear transformation that can lead to gene silencing including 
multiple gene inserts and positional effects (Fu et al., 2000), with the number of gene inserts easily 
determined using Southern blotting. As mentioned, unfortunately, as S. tuberosum shoots generated 
following biolistics did not develop and grow on the basal medium (Figure 5.4), genomic DNA of the 
quality and quantity required for either of these techniques could not be isolated. However, as it 
appeared that the LSU was impacted, implying both the introduced and native BSDII were absent, it 
is more likely that silencing occurred at the mRNA level rather than the DNA level. There is also the 
possibility that the reduced LSU observed here was due to the state of the callus and shoots harvested 
rather than transformation leading to over expression of BSDII. To confirm this, PCR to detect 
transgenes or Southern blot analysis would need to be undertaken. However, this was not achievable 
due to the previously mentioned issue with harvesting suitable amounts of tissue. 
5.4.2 Nuclear transformation of B. napus 
Although a trial was undertaken, as for the S. tuberosum tissue, shoots were not able to grow without 
assistance from in vitro plant growth regulators. It had become apparent from previous results 
(Chapter 4.3.2.1) that the variety selected may not have been optimal for regeneration from callus 
tissue. Regeneration of plantlets from protoplasts requires a callus phase, thus selection of a variety 
more amenable to shoot induction from callus, may improve results. Molecular characterisation was 
not undertaken due to time constraints of the project. It would be useful to undertake molecular 
characterisation in a similar manner to that described for S. tuberosum (Section 5.4.1). 
5.5 Conclusion 
5.5.1 Addressing the chapter aims  
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The overall aim for the chapter was the overexpression of BSDII in one or more crop plants. It 
appeared that BSDII may have been successfully overexpressed in S. tuberosum leading ultimately to 
silencing of BSDII. However, due to the poor growth of the tissue, alongside time constraints of the 
project, this was not confirmed. In order to confirm the successful integration of DNA, transcription 
of mRNA, and translation of protein, further molecular characterisation would be needed.  
5.5.2 Future research 
BSDII has been demonstrated as being essential for green linage form I, L8S8 Rubisco assembly 
(Aigner et al., 2017). Here, overexpression was attempted with it possible that BSDII was silenced. 
There are avenues that could be investigated, including reducing the expression level by modifications 
to the plant expression cassette used in the vectors pNAV366 and pNAV364 such as use of a weak 
promoter, and decreasing the number of gene inserts using linearised expression cassettes without the 
plasmid backbone for biolistics (Fu et al., 2000). Recently in tobacco, BSDII content was determined 
to be non-limiting with over expression having no effect on Rubisco content, photosynthetic rate or 
phenotype (Conlan et al., 2018). Thus, it is likely that even if the overexpression of BSDII, leading to 
increased BSDII content, had been achieved, there would have been little effect on growth or 
photosynthesis.  
Future chaperone research of interest to the overall project would be Rubisco gene replacement 
experiments with the co-expression of one or more complementary chaperone proteins. The 
expression of complementary foreign Rubisco and chaperone protein, RAF1, in tobacco enhanced 
Rubisco accumulation by approximately 20% compared to expression of the foreign Rubisco alone 
(Whitney et al., 2015). For future Rubisco replacement experiments using the S. tuberosum-rubrum 
master-line (Chapter 3), the co-expression of chaperone proteins should be considered. 
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Chapter 6 General Conclusions 
6.1 Introduction 
The work described here has sought to extend photosynthesis improvement research through the 
replacement of rbcL to one or more food crop plant species. The primary objective, of extension to at 
least one species, S. tuberosum, was achieved (Chapter 3) while efforts towards extension to a second, 
B. napus, are also described (Chapter 4). Of secondary interest to the project, the overexpression of a 
Rubisco chaperone protein, BSDII, in a crop species is also described (Chapter 5). 
6.2 Extension of rbcL replacement research to crop plants 
In Chapter 3, the successful replacement of rbcL in potato to generate a master line for further 
research was described, thus providing evidence of the feasibility of extending this important 
photosynthesis research to other Solanaceae C3 crop species. For example, for both S. lycopersicum 
and S. melongena plastid transformation and regeneration protocols have been published (Ruf et al., 
2001, Singh et al., 2010), and are therefore likely to be amenable to rbcL replacement experiments 
and the generation of master-lines in a similar manner to that reported here. However, extension of 
this work to crop species from other plant families will require development of species specific 
regeneration and plastid transformation protocols. 
6.3 Plastid transformation in crop species 
In Chapter 3, the rbcL replacement experiments in S. tuberosum, transformation rates similar to that 
typically observed for N. tabacum, another Solanaceae species, were observed. Since the first 
publications in 1986 of the plant chloroplast genomes, N. tabacum (Shinozaki et al., 1986) and 
Marchantia polymorpha (liverwort) (Ohyama et al., 1986), the number of published plant chloroplast 
genomes sequences has greatly increased. This has allowed for the development of species specific 
plastid transformation vectors and the plastid transformation rates for many Solanaceae species has 
increased. For example, the use of species specific homologous flanking regions in S. tuberosum 
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increased transformation efficiency at least 15 fold, leading to a transformation rate similar to that 
typically reported for N. tabacum (Scotti et al., 2011, Valkov et al., 2011). 
However, the development of species specific plastid transformation vectors in other families has not 
resulted in the same increases in transformation efficiency. In Chapter 4, the attempts at rbcL 
replacement in B. napus are described, with a number of reasons postulated as to the poor response 
achieved. It is likely that, in this case, a B. napus variety more amenable to regeneration could have 
been selected. However, as discussed (Chapter 4), the poor response to the plastid transformation and 
selection system seen in this study has been noted for other B. napus varieties, as well as other 
Brassicaceae species.  
6.4 Response to the aadA selection system: Solanaceae vs 
Brassicaceae 
In Solanaceae, growth of untransformed cells under selective pressure provided by either 
spectinomycin or streptomycin is inhibited. The untransformed cells are bleached due to interference 
with chloroplast ribosomal machinery and cell division is inhibited, thus allowing for slow cell 
division in transformed cells while they are undergoing plastome sorting (Svab and Maliga, 1993). 
Specifically, 16S rRNA is bound by spectinomycin thus blocking translation on 70S plastid 
ribosomes. The aadA gene encodes amino-3”-adenyl transferase (AAD). Spectinomycin is modified 
by AAD, preventing binding to 16S rRNA and allowing for translation to occur. Once transformed 
chloroplasts are properly sorted, cell division can proceed normally leading to appearance of 
macroscopic green callus growth that can quickly out compete the untransformed tissue (Svab and 
Maliga, 1993, Yu et al., 2017). 
Plastid transformation of B. napus via both biolistics and PEG-mediated uptake to protoplasts 
experiments, described in Chapter 4, initially yielded green calli grown under selective pressure. 
However, after further maintenance and selection, most of the tissue became overgrown by the 
surrounding bleached material. As discussed in Chapter 4, the response of Brassicaceae species to the 
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aadA selection system is markedly different to that of Solanaceae species. Although bleaching does 
occur due to ribosomal interference, non-transformed callus tissue does not exhibit inhibited cell 
division. In B. napus and other Brassicaceae, such as Arabidopsis, the transformed cells are 
‘outgrown’ by the normally dividing, bleached, non-transformed cells prior to the completion of 
proper plastome sorting. As discussed (Chapter 4), the development of acc2 knockdown lines 
alongside a root callus tissue culture and regeneration system led to an increased plastid 
transformation efficiency in Arabidopsis (Ruf et al., 2019, Yu et al., 2017). As mentioned (Chapter 4), 
there are other plastid transformation selection systems available. Although it would be interesting to 
investigate alternative selection systems, the highly successful demonstration of the well-known 
spectinomycin selection system using Arabidopsis acc2 knockdown lines to generate plastid 
transformants supports the feasibility of extending this novel approach to other Brassicaceae, many of 
which are important C3 crop species, including B. napus, B. oleraceae, and B. rapa. 
6.5 Future research 
This thesis has revealed a number of potential research avenues for the further extension of this 
photosynthetic research into food crop species. In Chapter 3, the further development of 
transplastomic potato-rubrum plants is discussed. The removal of the selectable marker gene, aadA, 
by Cre-recombinase, currently being undertaken, will then allow for generation of a marker less 
master-line that can be utilised for further gene replacement experiments, in a similar manner to the 
tobacco-rubrum master-line (Whitney and Sharwood, 2008). In Chapter 4, efforts towards generation 
of a canola-rubrum master-line are described. The improvements in the efficiency of plastid 
transformation in Arabidopsis via use of acc2 knockdown lines (discussed above) also offers potential 
future research avenues.  
6.5.1 The potato-rubrum master-line 
As discussed in Chapter 3, Cre-recombinase experiments for removal of the selectable marker gene, 
aadA, are currently being undertaken. This will then allow for further rbcL gene replacement 
experiments. In Chapter 1, the silencing of rbcS genes in tobacco-rubrum plants was discussed, with it 
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hypothesised that this may improve accumulation of foreign Rubisco holoenzyme by removing 
presence of native SSU and thus allowing accumulation without interference from the SSU. As 
potato-rubrum plants are also autotrophic under enhanced CO2 without a requirement for the SSU, the 
rbcS could also be silenced in these plants. This would then allow for the potential to express both 
foreign rbcL and rbcS from the chloroplast without assembly interference from the native SSU. 
Alternatively, CrispR/cas9 technology could be used to modify endogenous rbcS genes, allowing for 
the expression of a number of modified rbcS genes from the nuclear genome for transport to the 
chloroplast for incorporation, as typically found in higher plants, alongside the expression of the 
complementary foreign rbcL. 
6.5.2 What Rubisco variants to use? 
The generation of the potato-rubrum master-line and effort towards generating a canola-rubrum 
master-line was undertaken with the long term objective of eventually introducing a Rubisco variant 
with superior catalytic properties to that of the native complex. Selection of an appropriate Rubisco 
gene target is rather complicated, with a number of factors to be considered. 
It would be highly beneficial to the wider research community to perform a far reaching survey of the 
catalytic properties of Rubisco variants. The inclusion of Rubisco variants derived from C3, C3-C4 
intermediates, and C4 species within the same families in the survey would allow for both gene and 
protein sequence analysis to identify key changes. For example, within Brassicaceae, most crop 
species are C3 but a number of relatives are C3-C4 intermediates (Hanson, 2016, O'Neill et al., 1996, 
Ueno, 2011). This approach has already been utilised, with a number of recent Rubisco surveys 
looking at both the catalytic and sequence diversity and identifying LSU and SSU residues that may 
improve Rubisco carboxylation (Conlan and Whitney, 2018, Orr et al., 2016, Sharwood et al., 2016a). 
However, although this approach may identify a more suitable Rubisco, it is likely that any ‘superior’ 
Rubisco inserted into a crop plant chloroplast will be beset with the chaperone incompatibilities, as 
has been observed in Rubisco replacement research to date and thus chaperone incompatibilities will 
still need to be overcome.  
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One option is to combine the above approach with enzyme mutagenic studies. Until recently, higher 
plant Rubisco could not be assembled within E. coli expression systems. The inclusion of seven genes 
for five different chaperones within the expression system finally allowed this barrier to be overcome 
(Aigner et al., 2017). There is now the possibility that mutagenic studies may be utilised to introduce 
the hypothetical residue changes to LSU and SSU within the E. coli host system, allowing for high 
throughput screening of mutant Rubisco for improved carboxylation. This may then allow for an 
improved Rubisco to be introduced without the previously observed incompatibilities with 
chaperones. 
At this stage, Rubisco derived from the model plant species, Arabidopsis, is the only higher plant 
Rubisco to have been expressed and assembled in E. coli. This important breakthrough will allow for 
other higher plant Rubisco variants to be expressed and assembled in a similar manner, thus 
developing understanding of the interactions between LSU, SSU and Rubisco chaperones within 
many plant families. 
6.5.3 The importance of chaperones 
Here, the overexpression of BSDII was described, with results indicating that BSDII was most likely 
silenced in the transgenic plants (Chapter 5). The regulated expression of individual chaperone 
proteins may assist in revealing their interaction and mechanisms of action. However, of more interest 
to the overall aim of replacing Rubisco, is the co-expression of chaperones. Higher plant Rubisco 
assembly within the E. coli host expression system required a suite of chaperone enzymes, including 
BSDII (Aigner et al., 2017). Although it is not necessary for BSDII to complement the Rubisco 
variant being assembled (Conlan et al., 2018), other chaperones, including RAFII and Cpn60, need to 
complement the Rubisco in order to function optimally (Aigner et al., 2017, Whitney et al., 2015). 
Thus, in order to successfully express, assemble and accumulate functional foreign Rubisco within a 
rubrum master-line, it is likely that co-expression of complementary chaperones will be a 
requirement. 
6.5.4 What about B. napus? 
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As discussed above (section 6.4), one exciting avenue is the potential development of acc2 
knockdown lines in Brassicaceae species. Another important consideration is the target tissue type. 
Here, the plastid transformation and regeneration of B. napus was attempted using leaf mesophyll 
tissue (Chapter 4). However, recently a greatly improved plastid transformation efficiency in 
Arabidopsis, comparable to that for tobacco, was achieved using a combination of root based tissue 
culture and selection system and acc2 knockdown lines (Ruf et al., 2019, Yu et al., 2017). The 
generation of a B. napus acc2 knockdown line, alongside a suitable tissue culture and selection 
system, could improve the plastid transformation rate and thus allow for rbcL gene replacement 
experiments and generation of a canola-rubrum master-line. 
6.5.5 Further extension to other families 
The top three global staple crops are the monocots Triticum spp. (wheat), Oryza sativa (rice) and Zea 
mays (maize). For over 50 years, potato has been the fourth most produced staple crop but other 
important global staple foods include dicotyledonous C3 species such as Glycine max (soybean), 
Manihot esculenta (cassava) and Ipomoea batatas (sweet potato). Although other important species 
such as Dioscorea spp. (yams) and Musa paradisiaca (plantains) are also C3 species, like wheat, rice 
and maize, they are also monocots and thus not yet amenable to plastid transformation. 
There is potential for the generation of rubrum master-lines in the C3 species mentioned above. For 
example, plastid transformation and regeneration in G. max, of fertile transplastomic plants with a 
transformation efficiency similar to that in N. tabacum has been reported (Dufourmantel et al., 2007, 
Dufourmantel et al., 2004), thus extension of rbcL replacement to G. max maybe feasible. However, it 
is important to note that the plastid transformation of soybean has not been reported since 2007, thus 
further development of a plastid transformation and regeneration protocol for soybean is possibly 
required. The M. esculenta chloroplast genome has been sequenced (Daniell et al., 2008), so, there is 
the potential for species specific vectors for rbcL replacement to be constructed. However, suitable 
plastid transformation and regeneration protocols need development. It is clear that extension of this 
important photosynthesis research into other important food crop species will require a concerted 
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effort towards development of suitable plastid transformation and regeneration protocols for both 
dicot and monocot species. 
6.6 Conclusion 
It is highly likely that a combination of approaches will be required to achieve the overarching goal of 
improved photosynthesis. However, as mentioned, the majority of these approaches will require the 
introduction of a Rubisco variant that can take advantage of increased CO2 concentrations and will 
thus require plastid transformation technology. As has been noted, we are effectively only one 
breeding cycle away from a crisis in global food security. Although model species, such as 
Arabidopsis and N. tabacum have allowed for understanding of the interactions between LSU, SSU 
and chaperones, there is an increasingly urgent need to exploit this new knowledge for the 
improvement of major food crop species. The generation of a number of food crop species-rubrum 
master-lines would allow for Rubisco variants identified as having increased carboxylation capability 
to be trialled within target species, thus expediting the generation of elite photosynthetic cultivars by 
removing the time required for the ‘proof of concept’ experiments typically undertaken in a model 
species first.  
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Appendix 1 Solutions and media 
1x Tris-borate-ethylenediaminetetra-actic acid (EDTA) (TBE) buffer 
Tris         89.2 mM 
Boric acid       88.9 mM 
EDTA        2.5 mM, pH8.0 
1% agarose gel  
DNA grade agarose      1% 
Dissolved in 1x TAE buffer prepared from 50 x stock solution 
50x TAE buffer 
Tris        2 M 
Glacial acetic acid,       1 M 
EDTA, pH 8.0       50 mM 
Antibiotics stock solutions 
Ampicillin       300 mg/L  
Benzylpenicillin (PenG)      300 mg/L 
Hygromycin-B       20 mg/L 
Kanamycin       100 mg/L  
Spectinomycin       500 mg/L  
Streptomycin       200 mg/l 
Timentin        100 mg/L 
B- enzyme 
B medium (Table??)  
Cellulase Onozuka R10      0.1% (w/v) 
MacerozymeOnozuka R10     0.25% (w/v) 
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CPW16S 
CPW Salts (100x)      1% (v/v) 
Sucrose       16% (w/v) 
CaCl2.2H2)       1.48 g/L 
pH 5.8, autoclave 
CPW Salts Stock (x 100) 
KNO3        10.1 g/L 
MgSO4.7H2O       24.6 g/L 
KH2PO4       2.72 g/L 
KI        0.016 g/L 
CuSO4.5H2O       0.0025 g/L 
CaCl2.2H2O       1.48 g/L 
Frey’s extraction buffer 
Tris-HCl, pH 7.5      200 mM 
NaCl        250 mM 
EDTA        25 mM 
Sodium dodecyl sulphate (SDS)     0.5% (v/v) 
MgMann transformation buffer  
MgCl2        15 mM 
Mannitol       500 mM 
MES        0.1% (w/v) 
pH 5.8 and autoclave 
Non denaturing extraction buffer 
HEPES-NaOH, pH 8.0,       50 mM 
EDTA        1 mM 
DTT         2 mM 
plant protease inhibitor cocktail (Sigma-Aldrich)   1% (v/v) 
polyvinylpolypyrrolidone     1% (w/v) 
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Pre plasmolysis (PG) medium  
Sorbitol       54.66 g/L 
CaCl2.H2O       7.35 g/L 
W5 
NaCl        9 g/L 
CaCl2.2H2O       18.38 g/L0 
KCl        370 mg/L 
Glucose       990 mg/L 
MES        100 mg/L 
pH 5.8, autoclave 
PEG40%  
Ca(NO)3.4H2O      0.4133 g 
Mannitol       1.275 g 
Dissolve in 17.5 mL MQ water 
PEG4000 (or PEG1500)    10 g 
Stir at room temperature, bring up 26 mL, then adjust pH to 9.75 or 8.0 
Filter sterilise (0.22 µm) and store aliquots at - 20°C  
The solution is very sensitive to small additions of KOH thus pH-ing takes at least 15 minutes 
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Table 1 Regeneration medium for transplastomic S. tuberosum. Zhang et al, 2015. All units were mg/L unless 
otherwise stated. The basal medium was Murishe & Skoog with Gamborg salts for all media. Abbreviations are 
as follows: plant preservative mixture (PPM), 2,4-dichlorophenoxyacetic acid (2,4-D), indole acetic acid (IAA), 
gibberellic acid (GA3), 1-napthaleneacetic acid (NAA). 
Components  StM1 StM2 StM3 StM4 Stbasal 
Mannitol 0.1 M   36.4 g/L  
Sorbitol 0.1 M     
Sucrose 30 g/L 30 g/L  2.5 g/L 20 g/L 
Glucose   16 g/L   
Gellan gum 3 g/L 3 g/L 3 g/L 3 g/L 3 g/L 
PPM 2 mL/L 2 mL/L 2 mL/L 2 mL/L 2 mL/L 
Spectinomycin  400  400 400 400 
Zeatin riboside  0.8 3.0 3.0  
2,4-D  2.0    
IAA   2.0 0.1  
GA3   1.0   
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Table 2. Regeneration media for B. napus plastid transformants (Akasaka-Kennedy et al. 2005). All units were 
mg/L unless otherwise stated. The basal medium was Murishe & Skoog with Gamborg salts for all media. 
Abbreviations are as follows: leaf callus induction (LCI), leaf shoot induction (LSI), plant preservative mixture 
(PPM), 6-Benzylaminopurine (BAP), 1-napthaleneacetic acid (NAA), silver nitrate (AgNO3). 
 
 
  
Components (mg/L) Pre 
bombardment 
LCI LSI Rooting 
Sucrose 30 g/L 30 g/L  30 g/L 
Gellan gum 3 g/L  3 g/L 3 g/L 3 g/L 
PPM 1 mL/L 1 mL/L 1 mL/L 1 mL/L 
Spectinomycin  30  30 15 
BAP 1 5 3  
NAA  5   
Zeatin   1  
AgNO3  3 3  
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Table 3 Protoplast regeneration media. All units were mg/L unless otherwise stated. All media were adjusted 
pH 5.8 with 1M KOH. Liquid media were filter sterilised (0.22 µm) then stored at 4°C. Solid media were 
autoclaved prior to addition of plant growth regulators then poured, allowed to set and stored at room 
temperature in the dark. 
Components  B C D E F 
B5 S + V 3.163 g/L     
MS S + V    4.43 g/L 4.43 g/L 
B5 micro (x100 SS)  10 mL    
B5 vitamins (x100 SS)  10 mL 10 mL   
P macro (x10 SS)  100 mL 100 mL   
P micro (x1000 SS)   1 mL/L   
CaCl2.H2O 600 525 525   
NaFeEDTA  36.7 36.7   
Sucrose  20 g/L 20 g/L 10 g/L 10 g/L 
Glucose 20 g/L     
Mannitol 70 g/L 40 g/L  20 g/L  
MES 100 100 100 100  
Myo-inositol  100 100   
BAP 1 (4.44 µM) 1 (4.44 µM)   0.5 (2.22 µM) 
2,4-D (1.13 µM)  1 (4.5 µM)   
NAA 0.2 (5.3 µM) 0.2 (5.3 µM)  1 (5.37 µM) 0.1 (0.537 µM) 
2iP    1(4.92 µM)  
GA3    0.02 (0.06 µM)  
Adenine SO4   30    
Gellan gum    3 g/L 3 g/L 
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Appendix 2 Annotated B.napus 
chloroplast sequence 
B. napus (NC_016734.1), atpB…accD, annotated for flanking regions 
>gi|383930428:51361-57227 Brassica napus chloroplast, complete genome 
TCATTTCTTCAATTTACTCTCCATTTCTAAGTTCGTAGCCTTCGCAGTAGCTTCATCGATGTTACCCACT 
AAGTAAAAGGCCTGTTCAGGAAGAGAATCAAATTCTCCGGAAAGGATCAAATTAAACCCTCTAATTGTTT 
CCGCTAGCCCAACATATTTTCCCGGAGAACCTGTAAATACTTCTGCTACGAAAAAAGGTTGTGATAAGAA 
ACGCTCAATCTTTCGTGCTCTTGCGACGGTTAAGCGATCCTCTTCGGATAATTCGTCCAACCCCAGGATA 
GCTATAATGTCCTGAAGCTCCTTGTAACGTTGTAAAGTTTGCTTTACTTGTTGCGCAGTTTCATAATGTT 
CCTCGCCAACGATTCGAGGTTGTAGCATAGTTGACGTTGAATCTAAAGGATCTACCGCTGGATAGATACC 
TTTAGCAGCTAATCCTCTTGATAGTACGGTAGTCGCATCTAAATGTGCAAATGTGGTGGCAGGAGCAGGG 
TCAGTCAAATCGTCTGCAGGTACATAAACTGCTTGAATAGAGGTTATGGACCCTTTTTTCGTAGAAGTAA 
TTCTTTCTTGTAAAGAACCCATTTCGGTACTAAGGGTGGGTTGGTAACCCACAGCAGAAGGCATTCTACC 
CAATAAAGCGGATACCTCGGATCCTGCTTGTACAAAACGGAAGATATTGTCGATAAATAGAAGTACGTCT 
TGCTCATTAACATCTCGGAAATATTCTGCCATAGTTAAGGCAGTCAGACCAACTCTCATACGAGCTCCCG 
GCGGTTCATTCATCTGACCGTAGACTAGGGCTACTTTGGAGTCCGCAAGGTTTAGTTCATTAATGACTCC 
AGATTCTTTCATTTCCATGTAAAGATCATTTCCTTCACGAGTTCGTTCGCCTACTCCACCAAATACGGAT 
ACACCACCATGAGCTTTGGCAATGTTGTTGATCAATTCCATAATTAGTACTGTTTTACCCACGCCAGCCC 
CACCGAATAGTCCGATTTTTCCCCCACGACGATAAGGGGCCAAAAGATCTACTACTTTAATTCCTGTTTC 
AAAAATAGATAAGGTTGTATCTAAGTCTATAAAAGCAGGCGCGGATTTATGGATAGGAGATGTTGTGAGA 
GTATCGACAGGACCTAAATTATCAACAGGTTCCCCAAGTACATTGAAAATTCGTCCTAGAGTCGCTCCGC 
CGACTGGAACACTTAGAGGATTTCCCATATCAACCACGTCCATCCCTCTCTTTAAACCCTCGGTCGCGCT 
CATAGCTACAGCTCTAACTCGGTTGTTTCCTAATAATTGCTGTACTTCACAAGTCACATTAATTTCTTGA 
 
CCAAGCGTATCTCGACCCTTAACCACCAGAGCATTGTAAATATTAGGCATCTTGCCCGGGGGAAAGGCTA 
CATCCAGTACCGGACCAATGATTTGGGCAATACGTCCCAGGTTGTTTTTTTCACGTATTGAAACCGCTGG 
ATCCGAAGTAGTAGGATTTATTCTCATAATAAAAAATATGTTCAATTTTGTTGCGAAATTTTTCGAATAC 
AGAAAAAATCTTCGATAGTAAATTCATTGGTTAATTCAATAATAAATGGGAGTAAGCACTCGATTTCATT 
GGTACCACCCAAGCGAATATGCAATTCAATTTTTTACTTAATTAAATTTCAATGAAGGAATAGTCGTTTT 
CAAGCTCAACTAACCAAAACCTAGTTTTAAAATAAAAAATATATGAATAAAAAAAATTTTTGTGGAAAGT 
CTTTGATTTATTTGTCATAATAGGCAAGACTTTGTTTTATCTAGCCAATTCCGAAATGGAACTCTATTTA 
TGATTCATTATTTCGATCTCATTAGCCTTTTTTTTTTCATATTTTCATTTTAGCATATCCGGTTATGCGT 
CCCATCGATATCAACCCCCCCTTGTTTTTCATTTTCATGGATGAATTCCGCATATTGTCATATCTAGGAT 
TTACATATACAACATATATTACTGTCAAGAGTGATTTTATTATTATTTTAATATTAAATATTTCGATTTA 
TAAAAAGTCAAAGATTCAAAACTGGAAAAACAAGTATTAGGTTGCGCTATACATATGAAAGAATATACAA 
TAATGATGTATTTGGCGAATCAAATATCATGGTCTAATAAAGAATCATTCTGATTAGTTGATAATTTTGT 
GAAAGATTCCTGTGAAAAAGGTTAATTAAATCTATTCCTAATTTATGTCGAGTAGACCTTGTTGTTTTGT 
TTTATTGCAAGAATTCTAAATTCATGACTTGTAGGGAGGGACTTATGTCACCACAAACAGAGACTAAAGC 
AAGTGTTGGATTCAAAGCTGGTGTTAAAGAGTATAAATTGAATTATTATACTCCTGAATATGAAACCAAG 
GATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCACCTGAAGAAGCAGGGGCTG 
CGGTAGCTGCTGAATCTTCTACTGGTACATGGACAACTGTGTGGACCGATGGGCTTACCAGCCTTGACCG 
TTACAAAGGACGATGCTACCACATCGAGCCCGTTCCAGGAGAAGAAACTCAATTTATTGCGTATGTAGCT 
TACCCATTAGACCTTTTTGAAGAAGGGTCTGTTACTAACATGTTTACCTCAATTGTGGGTAACGTATTTG  
GGTTCAAAGCCCTGGCTGCTCTACGTCTAGAGGATCTGCGAATCCCTCCGGCTTATACTAAAACTTTCCA 
GGGACCACCTCATGGTATCCAAGTTGAAAGAGATAAATTGAACAAGTATGGACGTCCCCTATTAGGATGT 
ACTATTAAACCTAAGTTGGGGTTATCCGCGAAGAACTATGGTAGAGCAGTTTATGAATGTCTACGTGGTG 
GACTTGATTTTACCAAAGATGATGAGAATGTGAACTCTCAACCATTTATGCGTTGGAGAGACCGTTTCTT 
ATTTTGTGCCGAAGCTATTTATAAATCACAGGCTGAAACAGGTGAAATCAAAGGACATTATTTGAATGCT 
ACTGCGGGTACATGCGAAGAAATGATGAAAAGAGCTATATTTGCCAGAGAATTGGGAGTTCCTATCGTAA 
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TGCATGACTACTTAACAGGGGGATTCACCGCAAATACTAGTTTGGCTCATTATTGCCGAGATAATGGCCT 
ACTTCTTCACATCCACCGTGCAATGCACGCTGTTATTGATAGACAGAAGAATCATGGTATGCACTTCCGT 
GTACTAGCTAAAGCTTTACGTCTATCGGGTGGAGATCATGTTCACGCGGGTACAGTAGTAGGTAAACTTG 
AAGGAGACAGGGAGTCAACTTTGGGCTTTGTTGATTTACTGCGCGATGATTATGTTGAAAAAGACCGAAG 
TCGTGGTATCTTTTTCACTCAAGATTGGGTCTCACTACCAGGTGTTCTACCTGTGGCTTCAGGGGGTATT 
CACGTTTGGCATATGCCTGCTTTGACCGAGATCTTTGGAGATGATTCCGTACTACAATTTGGTGGCGGAA 
CTTTAGGCCACCCTTGGGGAAATGCACCGGGTGCCGTAGCTAACCGAGTAGCTCTAGAAGCATGTGTACA 
AGCTCGTAATGAGGGACGTGATCTTGCAGTCGAGGGTAATGAAATTATCCGTGAGGCTTGCAAATGGAGT 
CCTGAACTAGCTGCTGCTTGTGAAGTATGGAAGGAGATCACATTTAACTTCCCAACCATCGATAAATTAG 
ATGGCCAAGACTAGAAATTAGATTAGTAATTCACGTCCGTTTTATTAGTTTAATTGCAATTAAACTCGGC 
TCAATCCTTTTAGTAAAAAAAAGATTGAGCCGAGTTTATCTAGTGTATATACTGTTTTTGATAGATACAT 
ACTTAATCTAGATATACAAAATCTGAAAAAAAAAGAAGATTAAACACAACTACACTTTTGTATTGTAGTG 
TCCACAAGAAATTCTATACGAAATATGGATTCTTAGGATTTTTTTATTCTTTTTTTAAGTTTCGTGTCAG 
GGCTTGAACCAAGTATCCCCACTTCTTCTACCCATTCTGCATGTTGTCCTTTTCTTTTCATTCCGTATTG 
GAATAAAAACTTTTTTTTTATATTAGTATACGAGATTTTACTAAAAAAGTTCTTCATATCGCTTATATTC 
ATAAGCGAAGAACAAATATTTCTTTTTTTTAATGAGAATTTTACACAATATAAGAAAATCCTTATTTTCA 
TTTAGAATTGAAATTTATTAATTTCAATTGCTTTTACTTAATAATCTTAGCAATTAGCAATTGCATTGAC 
ATGCTTTGCTTACTCTGAATAGAAAATGAACTATTCAAATTTTTTTTTTGCATTTTTCAATTTTTTCATT 
GAATGACTATTCATCTATTGTTATTTTATTTTCATGTAAATAGAGGCCAGAAGCTCTATGGAAAAATCGT 
GGTTCAATTTGATGTTTTCTAAGGGAGAATTGGAATACAGAGGCGAGCTAAGTAAAGCAATGGATAGTTT 
TGCTCCTATTGAAAAGACTACTATAAGTAAAGACCGGTTTATATATGATATGGATAAAAACTTTTATGGT 
TGGGGTGAGCGTTCTAGTTATTACAATAATGTTGATCTTTTAGTTAACTCCAAGGACATTCGGAATTTCA 
TATCGGATGACACCTTTTTTGTTAGGGATAGTAATAAAAATAGTTATTCTATATATTTTGATATAAAAAA 
GAAAAAATTTGAGATTAACAATGATTTGAGTGACCTAGAAATTTTTTTTTATAGTTATTGTAGTTCTAGT 
TATCTGAATAATAGATCTAAAGGTGACAACGATCTGCACTATGATCCTTACATTAAGGATACTAAATATA 
ATTGTAATAATCACATTAATAGTTGCATTGACTCTTATTTTCGTTCTCACATCTGTATTAATAGTCACTT 
TTTAAGCGATAGTAATAATTCCAATGAAAGTTACATTTATAATTTCATTTGTAGTGAAAGTGGAAGTGGA 
AAGATTCGTGAAAGCAAAAATGACAAGATAAGAACTAATAGTAATCGTAATAATTTAATGAGTTCTAAGG 
ATTTCGATATAACTAAAAACTACAATCAATTGTGGATTCAATGCGACAATTGTTATGGATTAATGTATAA 
GAAAGTCGAAATGAATGTTTGTGAAGAATGTGGACATTATTTGAAAATGACCAGTTCAGAGAGAATTGAG 
CTTTCGATTGATCCGGGTACTTGGAATCCTATGGATGAAGACATGGTCTCTGCGGATCCCATTAAATTTC 
ATTCGAGGGAGGAACCTTATAAAAAGCGTATTGCCTCTGCTCAAAAAAAGACAGGGTTGACTGACGCTAT 
TCAAACAGGTACAGGTCAATTAAACGGTATTCCGGTAGCTCTTGGGGTTATGGATTTTCAGTTTATGGGG 
GGTAGTATGGGATCCGTAGTAGGCGAAAAAATAACTCGTTTGATCGAGTATGCTACCAATCAATGTTTAC 
CTCTTATTTTAGTGTGTTCTTCCGGAGGAGCACGAATGCAAGAAGGAAGTTTAAGTTTGATGCAAATGGC 
TAAAATTTCTTCGGTTTTATGTGATTATCAATCAAGTAAAAAGTTATTCTATATATCAATTCTTACATCT 
CCTACTACCGGTGGGGTGACAGCAAGTTTTGGTATGTTGGGGGATATCATTATTGCCGAACCCTATGCCT 
ATATTGCATTTGCGGGTAAAAGAGTAATTGAACAAACATTGAAAAAAGCCGTGCCTGAAGGTTCACAAGC 
AGCTGAATCTTTATTACGTAAGGGCTTATTGGATGCAATTGTACCACGTAATCCTTTAAAAGGTGTTGTG 
AGTGAGTTATTTCAGCTCCATGCTTTTTTTCCTTTGAACAAAAATGAAATCAAATAA 
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As the accession for B. napus chloroplast genome (NC_016734.1) was only annotated for the coding 
regions (i.e. promoters and 3’UTR were not annotated) the number of base pairs in  the intergenic 
regions includes the promoter(s)/ terminator(s) of adjacent genes.  
The sequence starts at nucleotide #51361, being the third nucleotide for the stop codon of atpB, 
highlighted in green and aligning with nucleotide #55286 of tobacco (Z00044.2). The complementary 
atpB coding region is underlined in yellow and is 1497 bp in length. The start codon begins on 
nucleotide #52857, is highlighted in yellow and aligns with nucleotide #56782 of tobacco. 
Within the atpB coding region is the start of the left flanking region (LFR) at nucleotide #52477, 
highlighted purple, being the 2nd nucleotide of threonine and aligning with the starting nucleotide of 
the LFR for tobacco (nucleotide #56402) although there is variation here regarding the amino acid at 
this position (leucine in tobacco).  
The start codon for the rbcL coding region is highlighted in red, beginning on nucleotide #53645 and 
aligns with nucleotide #57600 of tobacco. The rbcL coding region is underlined in red and is 1440 bp 
in length. The stop codon finishes on nucleotide #55084 and is highlighted in dark red. 
Within the rbcL coding region, the end of the LFR is highlighted in purple finishing on nucleotide 
#53687, being the codon for lysine and aligning with the end of the LFR in tobacco (i.e. includes 42 
nucleotides of rbcL coding sequence). The LFR is underlined in bold (yellow, black and red) and is 
1210 bp in length.  
The start of the right flanking region (RFR) appears to be within the intergenic region at nucleotide 
#55335 and is highlighted blue. This area was difficult to align and the nucleotide was chosen as 
being the equivalent proportion of the intergenic region compared to the proportion used in tobacco 
RFR. The RFR is underlined with a bold squiggly line (black and blue) and is 1074 bp in length. 
Within the accD coding region, the end of the RFR is highlighted in dark blue finishing on nucleotide 
#56408, being the codon for aspartic acid and aligning with the end of the RFR in tobacco (#60502, 
glutamic acid),  
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The start codon for the accD region is highlighted in grey, beginning on nucleotide #55758. The 
coding region for accD is underlined in grey and is 1470 bp in length. The stop codon finishes on 
nucleotide #57227 and is highlighted dark grey  
 
IN SUMMARY: 
Start LFR nucleotide #52477, 2nd nucleotide of T, end LFR nucleotide #53687, 3rd nucleotide 
of K, Bold underline indicates LFR, 1210 bp. 
Start RFR nucleotide #55335, (251 bp after end of rbcL coding region), end RFR nucleotide 
#56408, 3rd nucleotide D, Bold squiggly underline indicates RFR, 1074 bp. 
Start codon atpB (complementary) nucleotide #51361, yellow underline indicates atpB 
coding region, stop codon atpB nucleotide #52857, 1497 bp. 
Intergenic region: 787 bp. 
Start codon rbcL nucleotide #53645, red underline indicates rbcL coding region, stop codon 
rbcL nucleotide #55084. 1440 bp. 
Intergenic region: 673 bp 
Start codon accD nucleotide #55758, blue underline indicates coding region, stop codon accD 
nucleotide #57227, 1470 bp. 
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Appendix 3 Raw sequencing results 
Sequence reads: 
TM001 
aaaaatatttcctcttctcctcatttattatttattcaactgtaaaaatcctattccaatgattaaccatggtcatcaaaaacggccctgctcaaccctgtccc
cgggcgcgcgcaacatttgacttcaagcgttcactccaggcggttctacgaccttcaagagcttgcagagattgaaggggagtgagccccagcca
ctctccctgtccccatgtgttctgtgaactcatcatagacttgaaatggctatattattggagatcatatatgatccactcgtcctgcgagatatcacctga
tcacatccaaaggaattcttaaagccaaaacaatttatgaaacattaggccaatcccct 
TM002 
nnnnanngnntnnnctcataataaaatatgttcaattttgttgcgaaatttttcgaatacagaaaaaatcttcgatagtaaattcattggttaattcaataa
taaatgggagtaagcactcgatttcattggtaccacccaagcgaatatgcaattcaattttttacttaattaaatttcaatgaaggaatagtcgttttcaagc
tcaactaaccaaaacctagttttaaaataaaaaatatatgaataaaaaaaatttttgtggaaagtctttgatttatttgtcataataggcaagactttgttttat
ctagccaattccgaaatggaactctatttatgattcattatttcgatctcattagccttttttttttcatattttcattttagcatatccggttatgcgtcccatcga
tatcaacccccccttgtttttcattttcatggatgaattccgcatattgtcatatctaggatttacatatacaacatatattactgtcaagagtgattttattatta
ttttaatattaaatatttcgatttataaaaagtcaaagattcaaaactggaaaaacaagtattaggttgcgctatacatatgaaagaatatacaataatgatg
tatttggcgaatcaaatatcatggtctaataaagaatcattctgattagttgataattttgtgaaagattcctgtgaaaaaggttaattaaatctattcctaatt
tatgtcgagtagaccttgttgttttgttttattgcaagaattctaaattcatgacttgtagggagggacttatgtcaccacaaacagagactaaagctagc
gttggattcaaatctagtcgttatgtaaatttagcactgaaagaagaagacttgattgctggtggtgagcacgtattatgtgcttatattatgaaacctaaa
gctggttacggatacgttgcaactgccgcacactttgccgcagaatccagcactggaacaaatgtggaagtttgtactaccgatgattttacccgggg
agtagacgctcttgtttacgaagttgatgaggcacgagaactaacaaaaattgcatatcctgtagcactttttgatcgtaacattacagatggaaaagc
catgatggcgagctttttaaccctaactatgggccataaccnaggggatgggannatgtagagtatgcaaaaatgnctggacttttacgtcccggaa
agcgtannnaanntttgttccaagggaccctctggaaancttnnnnggctttnnggnaaggttcaaagaaaancntggaaatttaagggggggg
ttggnaaantgggaaactttanccaaaccccannttngggcttcnannacaacatctg 
TM003 
nnnnnnntngatattctcntanaanntatgttcaattttgttgcgaaatttttcgaatacagaaaaaatcttcgatagtaaattcattggttaattcaataat
aaatgggagtaagcactcgatttcattggtaccacccaagcgaatatgcaattcaattttttacttaattaaatttcaatgaaggaatagtcgttttcaagct
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caactaaccaaaacctagttttaaaataaaaaatatatgaataaaaaaaatttttgtggaaagtctttgatttatttgtcataataggcaagactttgttttatc
tagccaattccgaaatggaactctatttatgattcattatttcgatctcattagccttttttttttcatattttcattttagcatatccggttatgcgtcccatcgat
atcaacccccccttgtttttcattttcatggatgaattccgcatattgtcatatctaggatttacatatacaacatatattactgtcaagagtgattttattattat
tttaatattaaatatttcgatttataaaaagtcaaagattcaaaactggaaaaacaagtattaggttgcgctatacatatgaaagaatatacaataatgatgt
atttggcgaatcaaatatcatggtctaataaagaatcattctgattagttgataattttgtgaaagattcctgtgaaaaaggttaattaaatctattcctaattt
atgtcgagtagaccttgttgttttgttttattgcaagaattctaaattcatgacttgtagggagggacttatgtcaccacaaacagagactaaagctagcg
ttggattcaaatctagtcgttatgtaaatttagcactgaaagaagaagacttgattgctggtggtgagcacgtattatgtgcttatattatgaaacctaaag
ctggttacggatacgttgcaactgccgcacactttgccgcagaatccagcactggaacaaatgtggaagtttgtactaccgatgattttacccgggga
gtagacgctcttgtttacgaagttgatgaggcacgagaactaacaaaaattgcatatcctgtagcactttttgatcgtaacattacagatggaaaagca
atgatagcgagctttttaaccctaactatgggcaataacccaggggatgggaaaatgtaaagtatgcaaaaatgnntgacttttacgtcccggaagc
gtaaaaaattttgttccaagggaccctctnnaaannttaanggntttagggaaggttctaggaaaaactngaaattnaaggggggggttggnnaaa
nggaaacttttnnnaaaccaaaactttggcttttnncacaaaaaacgnnncgctataga 
TM004 
nnnnnnnanntanttggcgtcatcgagcgccatctcgaaccgacgttgctggccgtacatttgtacggctccgcagtggatggcggcctgaagc
cacacagtgatattgatttgctggttacggtgaccgtaaggcttgatgaaacaacgcggcgagctttgatcaacgaccttttggaaacttcggcttccc
ctggagagagcgagattctccgcgctgtagaagtcaccattgttgtgcacgacgacatcattccgtggcgttatccagctaagcgcgaactgcaattt
ggagaatggcagcgcaatgacattcttgcaggtatcttcgagccagccacgatcgacattgatctggctatcttgctgacaaaagcaagagaacata
gcgttgccttggtaggtccagcggcggaggaactctttgatccggttcctgaacaggatctatttgaggcgctaaatgaaaccttaacgctatggaac
tcgccgcccgactgggctggcgatgagcgaaatgtagtgcttacgttgtcccgcatttggtacagcgcagtaaccggcaaaatcgcgccgaagga
tgtcgctgccgactgggcaatggagcgcctgccggcccagtatcagcccgtcatacttgaagctagacaggcttatcttggacaagaagaagatc
gcttggcctcgcgcgcagatcagttggaagaatttgtccactacgtgaaaggcgagatcaccaaggtagtcggcaaataatgtctagctagagaaa
ttcaattaaggaaataaattaaggaaatacaaaaaggggggtagtcatttgtatataactttgtatgacttttctcttctatttttttgtatttcctccctttccttt
tctatttgtatttttttatcattgcttccattgaattggatccgggcataacttcgtataatgtatgctatacgaagttatatactatacatcatatcttgtttgtatt
gtctaaaataaacacgcagcaatattttttttatcaaaaaaaaattataaattataatagtatttttttccattttatttttatatataatagaaaaaattatataaa
aaaaatgatttgttccgttttaaaagaaaaaaaacnangcgaggggnnnccctct 
TM005 
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nnnnnnngnagttggcgtcatcgagcgccatctcgaaccgacgttgctggccgtacatttgtacggctccgcagtggatggcggcctgaagcca
cacagtgatattgatttgctggttacggtgaccgtaaggcttgatgaaacaacgcggcgagctttgatcaacgaccttttggaaacttcggcttcccct
ggagagagcgagattctccgcgctgtagaagtcaccattgttgtgcacgacgacatcattccgtggcgttatccagctaagcgcgaactgcaatttg
gagaatggcagcgcaatgacattcttgcaggtatcttcgagccagccacgatcgacattgatctggctatcttgctgacaaaagcaagagaacatag
cgttgccttggtaggtccagcggcggaggaactctttgatccggttcctgaacaggatctatttgaggcgctaaatgaaaccttaacgctatggaact
cgccgcccgactgggctggcgatgagcgaaatgtagtgcttacgttgtcccgcatttggtacagcgcagtaaccggcaaaatcgcgccgaaggat
gtcgctgccgactgggcaatggagcgcctgccggcccagtatcagcccgtcatacttgaagctagacaggcttatcttggacaagaagaagatcg
cttggcctcgcgcgcagatcagttggaagaatttgtccactacgtgaaaggcgagatcaccaaggtagtcggcaaataatgtctagctagagaaatt
caattaaggaaataaattaaggaaatacaaaaaggggggtagtcatttgtatataactttgtatgacttttctcttctatttttttgtatttcctccctttcctttt
ctatttgtatttttttatcattgcttccattgaattggatccgggcataacttcgtataatgtatgctatacgaagttatatactatacatcatatcttgtttgtatt
gtctaaaataaacacgcagcaatattttttttatcaaaaaaaaattataaattataatagtatttttttctattttatttttatatataatagaaaaaattatataaaa
aaaatgatttgttccgttttaaaaaaaaaaaaacgaagcgaannnnnnnnnnnnnnnngnnggc 
TM006 
tggaggggaaaaaaattcaaatccgattgtgatctttctgaaccacatagcaggtcgactttgttcggtttccagtttatggcgacctgaagccattctc
ccataaggatttaccactaagtgaaacgtttcttcaattgaacctcctcggcgagctttgctaaacaacctttaggaacgataggcttccccaccagata
gccagattctccgtgctgtacacatcacctttgtggagcaagacgacatcgtccgtgtctttttcattttttc 
TM007 
nnnnnaanngnnttnttctnntaataaaaatatgttcaattttgttgcgaaatttttcgaatacagaaaaaatcttcgatagtaaattcattggttaattca
ataataaatgggagtaagcactcgatttcattggtaccacccaagcgaatatgcaattcaattttttacttaattaaatttcaatgaaggaatagtcgttttc
aagctcaactaaccaaaacctagttttaaaataaaaaatatatgaataaaaaaaatttttgtggaaagtctttgatttatttgtcataataggcaagactttg
ttttatctagccaattccgaaatggaactctatttatgattcattatttcgatctcattagccttttttttttcatattttcattttagcatatccggttatgcgtccc
atcgatatcaacccccccttgtttttcattttcatggatgaattccgcatattgtcatatctaggatttacatatacaacatatattactgtcaagagtgatttta
ttattattttaatattaaatatttcgatttataaaaagtcaaagattcaaaactggaaaaacaagtattaggttgcgctatacatatgaaagaatatacaataa
tgatgtatttggcgaatcaaatatcatggtctaataaagaatcattctgattagttgataattttgtgaaagattcctgtgaaaaaggttaattaaatctattc
ctaatttatgtcgagtagaccttgttgttttgttttattgcaagaattctaaattcatgacttgtagggagggacttatgtcaccacaaacagagactaaag
ctagcgttggattcaaatctagtcgttatgtaaatttagcactgaaagaagaagacttgattgctggtggtgagcacgtattatgtgcttatattatgaaac
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ctaaagctggttacggatacgttgcaactgccgcacactttgccgcagaatccagcactggaacaaatgtggaagtttgtactaccgatgattttaccc
gggggagtagacgctcttgtttaccaagttgatgaggcacgagaactaacaaaaattgnntatcctgaacnantttttgatcgcancattaacgaag
ggaacaaccatnnnnccngaggctttttaacccctaaatatggggacataacnacagggaaagggaaaatgtaggatntnagccaaaacaggac
gggactttnngatacccggaagaactaccaannnttgtctcgnngnaacacctcgagacacntnaaaggctcttcggacaggctnnngtgcaac
acatagatgtatanaannaat 
TM008 
nnnnaanngnannnttcnnnnnaaaaaatatgttcaattttgttgcgaaatttttcgaatacagaaaaaatcttcgatagtaaattcattggttaattca
ataataaatgggagtaagcactcgatttcattggtaccacccaagcgaatatgcaattcaattttttacttaattaaatttcaatgaaggaatagtcgttttc
aagctcaactaaccaaaacctagttttaaaataaaaaatatatgaataaaaaaaatttttgtggaaagtctttgatttatttgtcataataggcaagactttg
ttttatctagccaattccgaaatggaactctatttatgattcattatttcgatctcattagccttttttttttcatattttcattttagcatatccggttatgcgtccc
atcgatatcaacccccccttgtttttcattttcatggatgaattccgcatattgtcatatctaggatttacatatacaacatatattactgtcaagagtgatttta
ttattattttaatattaaatatttcgatttataaaaagtcaaagattcaaaactggaaaaacaagtattaggttgcgctatacatatgaaagaatatacaataa
tgatgtatttggcgaatcaaatatcatggtctaataaagaatcattctgattagttgataattttgtgaaagattcctgtgaaaaaggttaattaaatctattc
ctaatttatgtcgagtagaccttgttgttttgttttattgcaagaattctaaattcatgacttgtagggagggacttatgtcaccacaaacagagactaaag
ctagcgttggattcaaatctagtcgttatgtaaatttagcactgaaagaagaagacttgattgctggtggtgagcacgtattatgtgcttatattatgaaac
ctaaagctggttacggatacgttgcaactgccgcacactttgccgcagaatccagcactggaacaaatgtgggaagtttgtactaccgatgattttac
ccgggggagtagacgctcttgtttacgaagttgaggaggcacgagaactaacaaaanttgcatatcctggaagcacttttttgatcgtaacattaacg
gatgggaaaagcnattgatagccgagcttttttaaccctaactatggggcaataaccaaggggatggggagaaggtaaangtatggcaaaaatgg
cttgaattttnacgtccnggnaagcgtaanaaannttttgtttcgaagggacccccctgtaaaacattaannggntttnaagggaagggttcnaagg
aaaaacctgaaagtttaaangggcggnattggagnnnnntggaaaatctttannnaaacccaaaaaattgggnnttcccgaccaaaacacgttac
cca 
TM009 
nnnnnnggnnnnggngtcatcgagcgccatctcgaaccgacgttgctggccgtacatttgtacggctccgcagtggatggcggcctgaagcca
cacagtgatattgatttgctggttacggtgaccgtaaggcttgatgaaacaacgcggcgagctttgatcaacgaccttttggaaacttcggcttcccct
ggagagagcgagattctccgcgctgtagaagtcaccattgttgtgcacgacgacatcattccgtggcgttatccagctaagcgcgaactgcaatttg
gagaatggcagcgcaatgacattcttgcaggtatcttcgagccagccacgatcgacattgatctggctatcttgctgacaaaagcaagagaacatag
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cgttgccttggtaggtccagcggcggaggaactctttgatccggttcctgaacaggatctatttgaggcgctaaatgaaaccttaacgctatggaact
cgccgcccgactgggctggcgatgagcgaaatgtagtgcttacgttgtcccgcatttggtacagcgcagtaaccggcaaaatcgcgccgaaggat
gtcgctgccgactgggcaatggagcgcctgccggcccagtatcagcccgtcatacttgaagctagacaggcttatcttggacaagaagaagatcg
cttggcctcgcgcgcagatcagttggaagaatttgtccactacgtgaaaggcgagatcaccaaggtagtcggcaaataatgtctagctagagaaatt
caattaaggaaataaattaaggaaatacaaaaaggggggtagtcatttgtatataactttgtatgacttttctcttctatttttttgtatttcctccctttcctttt
ctatttgtatttttttatcattgcttccattgaattggatccgggcataacttcgtataatgtatgctatacgaagttatatactatacatcatatcttgtttgtatt
gtctaaaataaacacgcagcaatattttttttatcaaaaaaaaattataaaattagaaaaatgattttttttctattttaatttttacatataagtagcaaaaaatt
tatataaaaaaaaatggatttggttccgttttaannnnaaaaaancaacgagnnaaaca 
TM0010 
nnnnnngnanntnggcgtcatcgagcgccatctcgaaccgacgttgctggccgtacatttgtacggctccgcagtggatggcggcctgaagcca
cacagtgatattgatttgctggttacggtgaccgtaaggcttgatgaaacaacgcggcgagctttgatcaacgaccttttggaaacttcggcttcccct
ggagagagcgagattctccgcgctgtagaagtcaccattgttgtgcacgacgacatcattccgtggcgttatccagctaagcgcgaactgcaatttg
gagaatggcagcgcaatgacattcttgcaggtatcttcgagccagccacgatcgacattgatctggctatcttgctgacaaaagcaagagaacatag
cgttgccttggtaggtccagcggcggaggaactctttgatccggttcctgaacaggatctatttgaggcgctaaatgaaaccttaacgctatggaact
cgccgcccgactgggctggcgatgagcgaaatgtagtgcttacgttgtcccgcatttggtacagcgcagtaaccggcaaaatcgcgccgaaggat
gtcgctgccgactgggcaatggagcgcctgccggcccagtatcagcccgtcatacttgaagctagacaggcttatcttggacaagaagaagatcg
cttggcctcgcgcgcagatcagttggaagaatttgtccactacgtgaaaggcgagatcaccaaggtagtcggcaaataatgtctagctagagaaatt
caattaaggaaataaattaaggaaatacaaaaaggggggtagtcatttgtatataactttgtatgacttttctcttctatttttttgtatttcctccctttcctttt
ctatttgtatttttttatcattgcttccattgaattggatccgggcataacttcgtataatgtatgctatacgaagttatatactatacatcatatcttgtttgtatt
gtctaaaataaacacgcagcaatattttttttatcaaaaaaaaattataaattataatagtatttttttccattttatttttatatatantaaaaaaaattatataaa
aaaaatgatttgttccgttttaaaaaaaaaanncggagcggannnnnnccccccnnttcnngngncccnnagc 
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Appendix 4 BSDII gene sequences 
Plasmid: pUCpotatoBSD2 
GAATTCACTAGTCTCGAGACATATGGCAAATTCTGTGTGTTTCACCCCACTTGCCTCACTCAACACCTTCAATAA
ACCAGGCCTTATCAACGGAAACGGAAA 
CTGCGCCGGACGTAAGATCCAACTAATCAAGGATGTTACTTTCAACAGCAAGTCAAACTTGCGTGTGGTTGAG
GTCAAGG 
CTGCCGATAGCGATAAGGAAACCAAGGTCCGTTCTATCGTTTGCCAGAAGTGCGAGGGCAACGGCGCCGTTG
CCTGCTCA 
CAGTGCAAGGGAGTTGGCGTTAACAGTGTTGATCACTTCAATGGACGTTTCAAGGCCGGAGGACTTTGCTGG
TTGTGCCG 
TGGCAAGAAAGATATTTTGTGCGGAGACTGCAACGGCGCTGGATTCCTTGGAGGATTTATGAGTACGTTCGAT
GAGTAG 
AATCTAGAGCTCCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCA
CATGCACA 
TCTTTGTGAAGACCCTCACTGGCAAAACCATCACCCTTGAGGTCGAGCCCAGTGACACCATTGAGAATGTCAA
AGCCAAA 
ATTCAAGACAAGGAGGGTATCCCACCTGACCAGCAGCGTCTGATATTTGCCGGCAAACAGCTGGAGGATGGC
CGCACTCT 
CTCAGACTACAACATCCAGAAAGAGTCCACCCTGCACCTGGTGTTGCGCCTCCGCGGTGGAATGGAAGTAAA
AGCAGCTG 
ATTCTGATAAAGAAACCAAAGTTCGTTCAATTGTATGTCAAAAATGTGAAGGGAATGGTGCAGTAGCCTGTTC
ACAATGT 
AAAGGTGTTGGTGTTAATTCAGTAGATCATTTCAATGGTCGTTTTAAGGCCGGTGGTTTATGCTGGCTTTGTCG
TGGTAA 
AAAAGATATCCTATGCGGTGACTGCAATGGTGCTGGTTTCCTTGGGGGGTTTATGAGCACTTTCGATGAATAA
GTCGACG 
CGGCCGCAAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACAC
AACATACGAGCCGGAAGCA 
TAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTC
CAGTCG 
GGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGC
TCTTCCGC 
TTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTA
ATACGGT 
TATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGT
AAAAAGGCC 
GCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGT
GGCGAAA 
CCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGC
CGCTTA 
CCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGT
TCGGTG 
TAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTA
ACTATCG 
TCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGC
GAGGTATG 
TAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTG
CGCTCTG 
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CTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGT
GGTTTTTT 
TGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCT
GACGCTC 
AGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTT
AAATTAA 
AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGA
GGCACC 
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGG
AGGGCT 
TACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAA
CCAGCCA 
GCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGG
AAGCTAG 
AGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCG
TCGTTTG 
GTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGC
GGTTAGC 
TCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCA
TAATTC 
TCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGT
GTATGC 
GGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCT
CATCATT 
GGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTC
GTGCACC 
CAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCA
AAAAAGG 
GAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGT
TATTGT 
CTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAA
AAGTGCC 
ACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTC
TCGCGC 
GTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGG
ATGCCGGG 
AGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATC
AGAGCAGAT 
TGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCG
CCATTCGC 
CATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAG
GGGGATGT 
GCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGT 
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Plasmid: pUCcanolaBSD2 
 
GAATTCACTAGTCTCGAGACATATGGCGAACTCACTCGGCTTCTTCTCTTCACCACCTCCTACTTTCTGCTTGCT
ACAGTCACCAAGTAACAGCGTTAAGCC 
AACTCACTTCTTCCCTATTGGCGATAAGAAGTTGGCCCAGAAGAAGGAGGTGTTCCAGACTTTCAAGTCAAAA
TCATTCG 
AGATTCAGGCAACCAATGGCACCCAGACTACTAAGAGTAGCAGTATCGTTTGCCAAAACTGCGAAGGCAATG
GAGCTGTC 
GCATGTAGTCAGTGTAAGGGAGGAGGAGTTAACCTTACTGATCACTTCAACGGACAATTCAAGGCCGGCGGC
TTATGCTG 
GTTGTGCCGTGGAAAGAAGGAGGTTCTTTGCGGAGAATGTAACGGCGCCGGCTTCATTGGAGGTTTCTTGAG
CACCTTCG 
ATGAGTAAAATCTAGAGCTCCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGC
GGCAGCCACATGCACA 
TCTTTGTGAAGACCCTCACTGGCAAAACCATCACCCTTGAGGTCGAGCCCAGTGACACCATTGAGAATGTCAA
AGCCAAA 
ATTCAAGACAAGGAGGGTATCCCACCTGACCAGCAGCGTCTGATATTTGCCGGCAAACAGCTGGAGGATGGC
CGCACTCT 
CTCAGACTACAACATCCAGAAAGAGTCCACCCTGCACCTGGTGTTGCGCCTCCGCGGTGGAATGGAAATTCAA
GCGACCA 
ATGGGACTCAAACTACTAAATCCTCTTCTATCGTTTGCCAAAACTGCGAAGGTAATGGCGCCGTAGCTTGCTCT
CAGTGC 
AAAGGTGGAGGGGTAAACTTAACCGATCATTTCAATGGTCAATTTAAAGCAGGAGGACTTTGCTGGTTATGTC
GCGGGAA 
AAAAGAAGTACTGTGTGGAGAATGTAATGGTGCTGGGTTTATCGGAGGTTTCCTATCTACCTTCGATGAATAA
GTCGACG 
CGGCCGCAAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACAC
AACATA 
CGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGC
TCACTGCC 
CGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTT
GCGTATTG 
GGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCA
CTCAAAG 
GCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAA
GGCCAGGAA 
CCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGC
TCAAGTC 
AGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCC
TGTTCCG 
ACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTG
TAGGTA 
TCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC
GCCTTAT 
CCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAG
GATTAGC 
AGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACA
GTATTTGG 
TATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACC
GCTGGTA 
 
 
200 
 
GCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTT
TTCTACG 
GGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCA
CCTAGAT 
CCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAAT
GCTTAA 
TCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATA
ACTACG 
ATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATT
TATCAGC 
AATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATT
AATTGTT 
GCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGT
GGTGTCA 
CGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTT
GTGCAA 
AAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTT
ATGGCAG 
CACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCAT
TCTGA 
GAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGA
ACTTTAAA 
AGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCG
ATGTAAC 
CCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGG
CAAAAT 
GCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAA
GCATTTA 
TCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGC
ACATTTC 
CCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACG
AGGCCC 
TTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTT
GTCTGTA 
AGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTT
AACTATGCGG 
CATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAAT
ACCGCATC 
AGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGC
CAGCTGGC 
GAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAAC
GACGGCCA 
GT 
 
 
